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%ABSTHACT
Following a brief introduction to this field of research 
(Part 1), physiological and ultramieroseopical studies are 
presented (Part 2), in which the influence of thermal and 
chemical treatments upon-solute translocation in the phloem 
is analysed. It is felt that the results of these studies 
find their plainest interpretation in terms of those theories 
which invoke a mass flow of sieve tube sap and sometimes, 
more specifically^ in terms ofrthe Pressure-Flow Hypothesis 
of Munch. Thus it would appbar (Section 2.2) that the 'path* 
region was remarkably insensitive to metabolic inhibitors 
(with the exception of extremely concentrated KCN where an 
indirect influence would seem.probable).• • Thermal treatments 
to this region (Sections 2.33and 2.4) influence translocation 
rate in a manner that appears to be. mediated by changes in 
the physical characteristics of.the system,.such as the 
viscosity of the sap and the hydraulic conductivity of the 
conduits
Becoming despondent with the lily which neither toils 
nor spins but notwithstanding accomplishes so much in so 
small a body,, attention was directed to a consideration of 
models of the sieve tube (Part 3)> in which hitherto 
impossible measurements became straightforward. The first 
of these were not satisfactory for one reason or another 
(Section 3*2), but a later 'Working Model' drew attention 
to certain interesting possibilities, although problems of 
scale ruled out quantitative predictions. A rather different . 
approach, involving hydrodynamic equations and computer methods, 
(Sections3*4 and 3*3) permitted the consideration of the flow 
of solution along conduits which were of the scale of the sieve
tubes and in which the probable and possible characteristics 
of the sieve tube sap- and the sieve tubes themselves could 
be investigated. This work led to rather more valuable 
suggestions concerning the water relations of the phloem tissues,. 
and perhaps to a more rigorous feasibility test of Munch's' 
Hypothesis than had been made before; from this the Hypothesis 
emerged unscathed. '
Before drawing the thesis to a conclusion (Part 4), it 
was felt that mention should be made (Section 4*-2) of an attempt 
to correlate the work of Parts 2 and 3î while largely 
unsuccessful, this avenue offers a most interesting prospect 
for subsequent study.. Some new material was introduced
(Section 4*3) in. which the possibility of a further role for 
the sieve plate is advanced. This is followed by a discussion 
(Section 4*4) of certain less.straightforward possibilities 
that should be considered in an analysis of sap flow in the 
phloem»
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PAST 1 GENERAL INTRODUCTION
Following the discovery by William Harvey in I6l6 of the 
circulation of blood in the animal body, Marcellus Malpighi 
between 1673 and 1679 performed numerous ringing experiments 
on plants. Rather later Stephen ..Hales'in his famous 
•Vegetable Staticks* of 1727, discussed the evidence for an 
analogous circulation in plants.- '-Hartig In. 1837 was the 
first to describe the.sieve, tube and was able to'suggest 
that the movement of water v/as’upward^ in the xylera and that 
of assimilate was 'downwards':.in the phloem. _ By the end of 
the 19th century two questions were-being asked, almost 
prophetically, which would today if answered unequivocally 
settle the disputes surrounding sap flow of nearly J>00 years. 
These questions relate to the structure of the sieve plate 
and to the extent of involvement of.metabolic activity in 
translocation. Thus Fisher in 1883 found that by killing 
and fixing with hot v/ater he could demonstrate the lack of 
slime plugs in the sieve plates of Cucurbita sp. (compare 
Siddiqui and Spanner, 1970); and in 1897 Czapek had started 
the application of inhibitors and temperature treatments to 
the petioles of plants, that is to the 'path' region'(compare 
Harel and Reinhold, 1966; and Geiger, 1969).
In contrast to our fairly clear understanding of the 
mechanism of xylem sap flow, the position regarding the 
movement of assimilate in the phloem is.confused. Perhaps 
surprisingly after some 230 years of physiological research 
into the transport of 'elaborated sap' there is only little 
direct evidence for any of the current theories of phloem 
transport ; such as there is is unable to decide the issue. 
Frustratingly the rapidly increasing mass of indirect 
evidence, far from resolving the paradoxes seems to throw
them into sharper relief. Thus (V/eatherley, 1972) there 
appears to be an "inconsistency between the commonly accepted 
facts of physiology and structure which at present remains 
unresolved". ' ■ •- - ■ .
It would be misleading'to suggest that since this time 
-■we . have become'no more conversant with the characteristics 
of the phloem and the nature of the problem. Many things 
that v/ere assumptions then.have now been demonstrated beyond 
reasonable doubt, many misleading ideas have been refuted 
and much new information resulting from more sophisticated 
experimental design and technique has been added to put our 
present understanding on a much firmer foundation. Examples 
of these advances that ..spring to mind, relate to autoradio­
graphic work that has pinpointed the sieve tubes as the 
translocatory channels; the analysis of•xylem and phloem sap 
which, with anatomical evidence has ruled out a circulation 
comparable to that of animals;-. the..:evidence for a mass flov/ 
of sap in the 'sieve tubes; the 'measurement of transport rates 
and a much improved knowledge Of the structure of the sieve 
tube. '
A fascination of this field of.research is perhaps the 
stubborness of the problem. --Certain issues that on first
sight appear easily soluble seem to. evade the most powerful
techniques. Electron microscopy, radiochemical methods, 
computer analysis and modelling and microbiochemical methods 
have so far been unable to resolve the issue. There is 
rather little outlet for the use of rather older techniques 
but .the way forward seems to lie in the patient improvement 
of methods that have already proved themselves applying these 
in any novel forms that suggest themselves. " Thereby greater 
precision will yield more evidence of a direct nature, more
quantitative measurements and a!reduction in the uncertainty 
in interpretation which accompanies all experimental results.
The studies which are presented in the following pages 
fall into two catagories; those in which the translocatory 
process in plants is interfer/ed with by chemical and thermal 
means (PART 2) and those in which this process is made the 
subject of various sorts of model (PART 3)»
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PART 2 FACTORS AFFECTING PHLOEM TRANSPORT
2.1 INTRODUCTION
This section in concerned with the influence upon phloem 
transport of certain experimental treatments, whore the 
site of application of. these is restricted to the 'path' region 
of the transport system. . These treatments include the 
introduction of chemical inhibitors and the modification 
of temperature. The approach has,, a long history stretching 
as far back as 1897 with the vmrk 'of... Czapek and has 
contributed most valuably to'bur present day knowledge of
the translocatory process^ - -3"333...' ...
The use of chemical inhibitors , has alv/ays been associated 
with certain fundamental problems of interpretation, although 
very recently valuable steps have.been taken to reduce these 
(Qureshi and Spanner, 19734* These problems lie in the 
uncertainty as to the degree of penetration of. the inhibitor 
to the intended site of investigation and the difficulty of 
restriction of the inhibitor to this region; in this way 
much work has been ambiguous. Temperature treatments, on 
the other hand do not suffer from these afflictions, for 
both penetration and limitation to the desired re.gion may 
be precisely controlled. The frailty of these lies however 
in the host of processes, both physical and chemical, in a 
living system which show temperature dopondonce, resulting 
in their inability to isolate any single factor which might 
limit the rate of phloem transport. This of course is in 
contrast to the use of chemical inhibitors whose sphere of 
influence may often be ascribed to a single enzymatic step.
So i.t is that neither approach is ideal, .but with due care 
in application and interpretation each may perhaps lead to
u
a valuable conclusion.
The present state of our knowledge does not permit us 
to distinguish between the Pressure-Flow Hypothesis of Munch, 
(1930) which ascribes a passive role to the sieve tubes in 
the 'path' region and the various 'metabolic pumping' theories 
which demand considerable metabolic activity in this region. 
Described below are various attempts to apply chemical and 
thermal techniques in answer to this question.
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2.2 THE INFLUENCE OF CHEMICAL INHIBITORS UPON PHLOEM 
THANSLOGATION
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The effect of certain chemical inhibitors applied to the 
petiole of Nymchoides peltata upon the translocation rate 
of ^^^Cs in the phloem»
'Alexander Lang
Department of Botany, Bedford College,, University of London 
Received
ABSTRACT . 3■
The effect upon the translocation. rate in the phloem of the 
application, to the petiole (path) region of various chemical 
inhibitors was investigated» The results seem to favour a
A  •
passive role for the sieve tubes in the long distance 
transport of assimilate»
INTRODUCTION
At first sight it would appear that an experiment which
involved the application of a metabolic inhibitor to the
’path’ region of a translocatory system would answer
unequivocally the question regarding the extent to which
metabolic processes are involved in phloem transport in this
regi'op* Qn closer examination however it is seen that the
practical difficulties encountered conspire to throw a
veil of uncertainty over all interpretations. It is
probably fair to say that the current position regarding this
■question is confused and, with many years of experimentation
behind us with a large number of different chemical inhibitors,
, the experiment has.not yet been designed that is unambiguous.
The work presented in the following pages is no exception
although measures have been taken to reduce the ambiguity
which has characterised much previous work. These measures
include the continuous monitoring of translocation at several
points in a single plant enabling any'influence of the
treatment to be detected and measured rapidly before the
inhibitor can move axially to the lamina (source) or to the
rootstock (sink). Another is the removal of most of the
tissues outside the vascular bundle (Fig. 2), this both .
reduces the proportion of non-conducting tissue and permits
the rapid penetration of inhibitor to the phloem. The latter 
.
‘was applied over a length of 20 cm of this vascular strand.
In recent years it has boon realised that the intorprotation 
of the effects of. chemical inhibitor .treatments to .plant tissues 
is not as simple as v/as originally supposed. For not only 
do these exert their influence simultaneously on different 
parts of the metabolic system but their effect varies with 
concentration being frequently stimulatory at one concentration
/5*
and inhibitory at another. This means that statements made 
as a result of experiments with a single inhibitor or even 
with a series (such as in the present investigation) may 
not be categorical, but these conclusions must be supported 
by evidence obtained by the use of alternative methods of 
investigation. • . .
Iù>
MATERIALS AKD METHODS
The experimental proceedures employed in this investigation
have already largely been described in some detail (Lang, 1974)(2.3)
with two exceptions. Firstly, to enable the recording of
tracer distribution with time in the petiolar region and
the application of inhibitor, the platform upon which the
petiole lay was extensively modified and arrangements were
made for a travelling Geiger Müller probe to move up and
down the petiole on an overhead track, stopping automatically
at chosen points to record activity (the latter facility is
that described more fully by Spanner and Prebblo in 1962).
Secondly, the outer aerenchymatous and epidermal tissues
*
were removed from the petiole both to reduce the proportion 
of ground tissue to vascular tissue and to ensure the rapid 
penetration of the applied tracer and inhibitor.
The platform (Fig. 1) was so designed that the central
♦
length of 30 cm of petiole was held.firmly in a straight 
line in a shallow depression milled in the upper surface of 
the perspex platform. By applying vaseline, from a 2 ml 
disposable syringe, in a continuous line running along 
each side of and crossing the petiole near the ends of the * 
platform, the upper and lower strips of fine polythene 
-film v/hen adpressed by the'perspex, retainers formed a long 
watertight chamber about 20 cm long surrounding the central 
■part of the stripped petiole. • This chamber was connected 
to the exterior by two fine polythene tubes, one at each 
end, . through which,test solutions could be introduced 
or removed. The approximate volume of the chamber so 
formed was 2 cm^ which permitted the rapid flooding with, 
inhibitor solution or the elution of the contained portion
Of vascular strand. . The site of tracer application was 
upstream of this point..
IT
whole unit suspended from overhead bogie
G.M. window (Mullard Geiger Muller tube) / ^
lead shielding
full length 
retainer
stripped petiole 
polythene film 
•Vaseline 
perspex platform
1 cm
brass clamp chamber
(not shown) 
to compress polythene 
between retainer and 
platform
Fig, 1, Sectional view of tlie platform and G.M. probe. The compom-nta
-fine polythene tube for application 
of inhibitor
to waste/from hypodermic syringe
of the p]atform are exploded to show the mode of assembly.
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Plants were grovm as indicated (2.3) and 24 to 43 h 
proceeding an experiment a plant was selected v/ith a mature 
healthy leaf, and the remaining leaves were removed by cutting 
at the petiole bases. The selected petiole was about 65 cm 
long and usually about 3 to 4 mm diam. The outer layers of 
tissue were removed (see Fig, 2) from almost the entire length 
by passing through the cutter assembly (Fig. 3) as indicated,
o
After the first cut the petiole was rotated through 90 and 
passed a 'second time through the cutter. This whole operation 
was performed with]great care with the cutter assembly mounted 
in a large shallow dish of tap water and viewed through a 
binocular microscope* The two blades of the cutter could 
be adjusted within certain limits by the progressive compression 
of the short section of hard rubber tube which both separated 
and located them; the cutting guides were also adjustable.
The plant was then mounted in the apparatus and left for 24 h 
or more before tracer application, to permit recovery from 
the stripping process. Following application, the distribution 
of tracer in the petiolar bundle and accumulation rate in the 
rootstock were allowed to settle for several hours before any 
inhibitor solution was applied; during this time the treatment 
chamber described was flooded with water.
For an experiment the inhibitor solution (10 to 20 ml) 
was passed through the chamber flushing out the original v.'ater 
completely so that the solution surrounding the petiolar bundle 
was of the full concentration of the injected solution.
V/hen it was desired to remove this solution it was in turn 
flushed out with v/ater.
The influence upon translocation rate of five inhibitors 
applied to the petiole was investigated by measuring the
accumulation of ^^^Cs with time in the vascular strand and
Hfirst cuts.
X(
second
f S ^ W ’-y
aai:-ufcyaainiaw«MaTrti n m d 'M ir**"'*
1mm
Fig. 2. Transverse section of the petiole of Nymphoides peltata 
showing how the outer tissues were removed
x o
two splinters of razor blade 
sharp edges to the front
section ofadjustable cutting guides
hard rubber tube
vice screws
perspex vice comprising slider (A) 
and body (B)
Fig, 3« Cutter assembly. ' The dotted line indicates the path taken 
by the petiole.
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in the rootstock. The inhibitors (with abbreviations) were 
as follows: 2-4 Dinitro phenol (DNP); potassium cyanide (KC'O; 
para-chloro-mercury-benzoic acid (PCMB); dicyclo-hexyl-l8- 
crown-6 (XXXI); and saponin (SAP).
XXXI is one of a family of cyclic polyethers which has 
been found to influence dramatically the permeability of 
thin lipid membranes and red cell membranes. An electroosmotic 
pump (Spanner, 1958) would presumably be especially sensitive 
to this substance.. SAP has been used by several workers in 
the past (reviewed-in Kamiya, 1959) to inhibit protoplasmic 
streamin'g - a process that has been compared with phloem 
translocation (Webb and Gorham, 1955).
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RESULTS
The inhibitors were applied to the ,‘path' region in the manner 
described in the previous section; the transport rate is
137
indicated by the slope of the accumulation curve of Cs 
in the rootstock. The time interval between the application 
of each inhibitor and its influence upon the phloem and the 
extent to which the transport rate is modified give an 
indication both of the site (source, path or sink) of inhibitor 
influence and the mechanism of phloem transport. The results 
for each inhibitor are presented separately below.
DKP
Three replicate experiments on separate plants are illustrated 
in Fig. 4; these indicate that there is no significant reduction 
of transport rate even after 12 h of continuous treatment with 
4 X 10“^ M DNP. When this inhibitor was applied to the lamina 
at the same concentration, transport into the rootstock was 
reduced drastically within about 30 min (Fig. 3).
KCN
When applied at concentrations of 3 x 10"^ M and even at
7.3 X 10^^ M, KCN did not seem to inhibit transport at all 
(these experiments however were not satisfactory and are not 
presented). At the very high concentration of 3 x 10"^ M, 
translocation into the rootstock, some 20 cm downstream from 
the treated region, ceased within 6 min (Fig. 6). On flushing 
the inhibitor out v/ith water the transport gradually resumed, 
rising to about 4O/0 of the pre-treatment rate in 4 to 3 h.
2.3
PCMB
When 3 x 10”^ M PCMB was'appX.ied to .the. petiole it had no 
significant effect, however-when 10„"^ M PC MB was applied to 
the petiole of another plant there was progressive inhibition 
only becoming complete after 3 or 6 h (Fig. 7).
XXXI
Tills substance was applied to the petiole in a range of 
concentrations, those below 10*"^-M had no significant effect 
even after 9 h of application (Fig. 8). At. 10“^ M there v/as 
possibly a slight gradual inhibition (Fig. 9) while at 3 x 10~^ M 
there was progressive inhibition becoming complete only after 
4 to 6 h (Fig. 10). It is significant that when the inhibitor 
was flushed out of the treatment chamber surrounding the 
vascular strand (at the extreme right hand side of Fig. 10) 
the tracer was largely removed with it, indicating that as a 
result of the action of this inhibitor the ^^^Cs ion had 
leaked from the cells in the treated region into the surrounding 
solution.
SAP
*
A 1% w/v/ solution seemed to have a significant stimulatory 
effect upon translocation (Fig, 11). However at 3% w/w thi^ 
substance did not appear to have any significant effect (Fig. 12) 
when applied either to the petiole or to the lamina.
24
DISOUSSIOK
The changing translocation rate indicated by the slope of
137the accumulation curve of Cs in the rootstock is in the 
short term at least a function of the velocity of flow of the • 
sap in the phloem; in the longer term however, concentration 
changes of the sap may also influence this rate (for a 
discussion of this point see Lang, (1974) (2.3) )• The 
experimental set-up used here is able to detect and measure 
with some precision short term changes in translocation rate 
(see for example Figs. 6, 9 and 11). It was also found that 
DNP may penetrate the tissues of the lamina and influence the 
translocation rate, measured some 60 cm downstream, within 
a relatively short time (Fig. 3)» It is unlikely that the 
penetration of inhibitor when it is applied in the petiolar 
region is less rapid; on the contrary it is likely to be more 
so, for the vascular strand is here stripped of the outer 
tissues and cuticle and the phloem lies at the centre of 
radial diffusion paths. It is probable therefore that v/e 
may assume rapid penetration to the petiolar strand and 
detection of any changes in the translocation rate, for each 
of the inhibitors.
Discussing the results in turn we see that the effect 
of DNP (Fig. 4) is difficult to reconcile with a metabolic 
pumping mechanism in the petiolar region, for this inhibitor 
of oxidative phosphorylation would be expected to cut off 
the supply of ATP to such a pump. The loading process in 
the lamina is obviously sensitive in this way (Fig. 3)- 
The suggestion that the application of DNP to the petiole 
would cause leakage of tracer ions into the xylem and thus 
their transport to thrs root (this assumes a reverse xylem 
flow which is unlikely), may be ruled out by the result of 
Fig. 5.
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A siœilar insensitivity in the petiolar region to KCN 
at the r.iore usual concentrations was probably found (this 
work.needs to be repeated), but the very high concentration 
of p X 10”^ M caused an abrupt cessation of transport within,6 min 
of treatment (Fig.6). This indicates that the site of influence 
is in the petiolar region. There are two possible interpretations: 
the first is the inhibition of a metabolic pump in this region, 
the second that KCN has stimulated the formation of callose 
in the sieve plate pores (Ullrich, 1963). While the former 
interpretation is the one favoured by Qureshi and Spanner (1973J 
for the inhibition of phloem transport by KCN in their plants, 
it may be remarked that only a very rigorous analysis of 
callose thickness will resolve the small changes which would 
dramatically influence a Pressure-Flow (2.4) (McNairn and 
Currier, 1963). Perhaps ithe latter interpretation of the 
KCN influence is the more consistent with the results for the 
other inhibitors presented hero. The reversibility of tho 
KCN effect on the petiole seems to argue against membrane 
damage and tracer transport in the xylem (Qureshi and Spanner, 1973^.
The rather wide spectrum inhibitor PCMB, had no effect upon 
transport for several hours and then only at the higher concentrat­
ion (Fig. 7) - The simplest interpretation is that this substance 
,was carried down to the rootstock (in the phloem or xylem) or 
up to the. lamina (in the xylem) where its gradual accumulator 
inhibited 'loading* or 'unloading' of the sieve tubes.
The use of XXXI has an important bearing upon the 
electroosmotic theory (Spanner, 1933) for it would be expected 
that this substance which has an effect upon the K^ permeability 
of thin lipid membranes (Tosteson, 1963) (see Fig. 13), would 
certainly influence such a mechanism dramatically. however, 
only at the higher concentrations (compare Figs. 8, 9 and .10) 
is there any influence at all. Here
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the results indicote that any effect of this substance is only 
slov/ly felt and is not therefore restricted to the path region, 
also the treatment results in what is probably a complete loss 
of the selective permeability properties of the sieve tube 
plasmalemma (death) before translocation is stopped (see Fi^. 10); 
on flushing out the XXXI from the treatment chamber the tracer 
was largely removed from' the vascular strand.
The result (unfortunately not replicated) of the stimulation 
..of phloem transport by 1% w/w SAP (Fig. 11) applied to the 
petiole, is of interest for it is comparable to. this substance’s 
effect upon cyclosis (Kamiya, 1959)- However at w/w there 
is no obvious effect either of stimulation or inhibition even 
when applied to the lamina (Fig. 12). The use of SAP in 
physiological work with plants has been very limited and this 
makes interpretation difficult in the present case (SAP is a 
cardiac glycoside). -The stimulation in Fig. 11.is suggestive 
of metabolic pumping while the insensitivity of Fig. 12 is not.
. Making allowance for the uncertainties associated with 
the application of chemical inhibitors .to living tissue, 
difficulty in the interpretation Of the/SAP treatments, the 
insensitivity of translocation in this plant to metabolic 
inhibitors applied in the 'path'• region'(v/ith-the exception 
of very concentrated KCN where the^influencé may well be 
mediated by the stimulation' of callose formation) leads to a 
conclusion favouring the Munch Pressure-Flow Hypothesis and 
somewhat inimical to the.metabolic pumping theory and. 
perhaps especially so to the electroosmotic theory. •
^ 6?
2,3 TÜÜ INFLUENCE OF THERMAL TREATMENTS UPON PHLOEM
TRANSLOCATION
(This section takes the form of a paper and has been accepted 
for publication in the Journal of Experimental Botany)
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The effect of petiolar temperature upon the translocation 
rate of ^^^Cs in the phloem of Nympholdos peltats.
Alexander Lang
Department of Botany,. Bedford College,. University of London
Received
ABSTRACT .
A fixed length, of the petiole of Nymphoides peltata was 
subjected to a variety of temperature treatments. A Q^q 
is calculated for the velocity of flow, from the mass transport 
rate of ^^^Cs in the phloem at temperatures betv/een 0 and 
Associated with lowered temperatures there was a temporary 
interruption.of transport overriding the longer term temperature 
dependence» ^The characteristics of the interruption were 
dependent upon the size of the temperature drop and the 
magnitude of tjtie 'new* temperature.
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INTRODUCTION
Currently there are several proposals for the mechanism of
phloem translocation.. Mostly,, these involve the bulk flow
of the sieve tube sap. The Pressure-Flow Hypothesis (Munch,.
I93O) may be considered distinct, for in contrast to the other
suggestions it does not invoke some form of pump within the
conduits of the phloem. (It is accepted by all hypotheses
that the source and sink regions are involved in an active
manner and thus require an energy supply.) Evidence that
showed whether the path requires energy at levels in excess
of those expected for basic maintenance would be of value in
that it would narrow the field and thus help to solve the
'mystery' of phloem transport (Weatherley and Johnson,. 1968;
Coulson; Christy; Cataldo and Swanson,, 1972; Qureshi and
»
Spanner, 1973a).
The main thrust of research aimed at providing such 
evidence has been in two directions; first, the use of 
metabolic inhibitors applied to the intermediate region of 
the pathway and second, path chilling experiments. In the 
former the results obtained by different workers often seem 
contradictory,, although the weight of opinion favours the 
view that the translocation path does show sensitivity to 
metabolic inhibitors. In the latter a fairly general pattern 
of response is emerging (Geiger, 1969)» but less work has been 
done with eleVated temperature treatments. It is perhaps 
fair to say that most 'temperature work' has produced results 
consistent with the Pressure-Flow Hypothesis. This has 
contributed to our current "dilemma” since this theory also 
seems incompatible with most cytological observations 
(Weatherley, 1972). This paper describes an attempt to make
49
a quantitative estimate of the effect upon mass transport rate 
of both elevated and depressed temperature treatments localised 
to the path region.
MATERIALS AND METHODS
Plants of Nymphoides peltata were grown in tanks maintained 
at 18 to 22*0 with l6h of light each day. A healthy plant 
was selected for each experiment and,, with the exception of 
one mature leaf,, the leaves were severed at the petiole bases.
• The petiole of the remaining leaf was about 65 cm long.
The rootstock was placed in the well (10 cm deep by 
3.5 cm diam.) of a sealed plastic scintillator coupled to a 
counter assembly (Fig. 1.). The V-mission was continuously 
assayed over sequential intervals of ifOO sec, with automatic 
print-out of the results. The central J>0 cm of the petiole 
was supported.on a thermally insulated platform (Fig. 1.) 
whose temperature could be rapidly adjusted to anyv.ii within 
the range -3 to 30 (-'0. 3) "c by the circulation of aqueous 
alcohol from a thermoregulated bath. The temperature was 
monitored by a thermocouple in contact with the upper surface 
of the petiole. Thèrewas a length of about 15 cm of free 
petiole between the controlled region and the rootstock at one 
end, and between the controlled region and the lamina at the 
other. The latter floated in water under continuous bright 
illumination, of about 100 lux from a 12 volt bulb,, filtered
• through Chance 0N20 heat-absorbing glass. Desiccation of 
the exposed portions of the petiole was prevented by wrapping 
with thin polythene film,, lightly Vaselined.
The plant was kept in this fashion with its petiole at
ambient temperature for several hours before the tracer v/as
introduced to a covered reservoir 7 cm long placed around the
petiole about half way between the lamina and the temperature
controlled region. At the points of entry and exit from
this reservoir the petiole was luted with Vaseline to prevent
1^7leakage of tracer. About lOOyjiCi of Cs was applied in 2 ml
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of water; most remained in the reservoir at the end of the 
experiment* This isotope was chosen on account of its 
radiochemical properties and because it appears to be a 
suitable indicator of phloem transport (Spanner and Prebble^ 
1962; Qureshi and Spanner,. 1973b). After about 30 b the 
rate of delivery of tracer to the rootstock, as Judged by 
the slope of the curve of rootstock activity, became more or 
less constant (Fig* 2*.) and this condition persisted for two 
days or more under uniform temperature. For an experiment,, 
the temperature of the platform was altered sharply after 
this steady condition had set in and it was maintained at 
the new temperature usually for some hours. The other 
portions of the plant remained at ambient temperature 
(about 20 C). • When the accumulation, rate had settled to 
a new steady value, the platform temperature was again 
modified and- after some time the transport reached another 
steady rate* The temperature changes varied in size and 
direction within the overall range from -3 to 30 C»
The primary data were corrected for background and 
dead-time and. curves were- fitted'to them by a least squares 
method,, using the University C.D.C» 6600 computer.
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RZSULTS
The response of a plant,, transporting at a steady rate, to a 
rapidly imposed change in petiole temperature shows tv/o effects. 
Firstly, when the temperature is raised there is a ranid and 
sustained increase in rootstock accumulation rate (Figs. 3 
and k) Secondly,, when the temperature is lowered there 
follows an abrupt pause in transport (Figs* 5 and 6) with 
subsequent recovery. During recovery the accumulation rate 
increases and settles to a steady value a little lower than 
that before cooling.
When a plant is cooled and its transport rate is allowed
to recover from the shock and become steady,, a return to
ambient temperature for a period of 73mln does not fully
re-establish its sensitivity to cooling shock. A 
' '
reimposition of cooling after such a return results in only a 
brief interruption (Fig. 7.); transport reverts to a rate 
similar to that just before the return to ambient, after about 
43 min. However,, extension of the return period to about 
223 min restores the plant much more nearly to its original 
sensitivity to cold shock,, recovery of the steady cold rate 
requiring about 270 min (Fig. 8; compare Fig. 6).
Lowering the temperature to -3 C caused transport into 
the rootstock to cease altogether; no recovery was observed 
even on subsequent warming. At all experimental temperatures 
above this however, transport was able to take place. Even 
at 30 0 transport persisted for several hours.
The results of 27 experiments are summarised in the table 
which gives details of individual experiments and estimates of 
the of the mass transport rate into the rootstock; the 
methods used to obtain these values for are described in 
the discussion.
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DISCUSSION
The phenomena reported here generally resemble those of other .
workers using different plants and techniques (Geiger, 1969;
Geiger and Sovonick,. 1970; Walding and Weatherley, 1972).
In the following discussion the assumption is made that the 
137.accumulation of ^ Cs in the rootstock provides a satisfactory
measure of phloem transport. This seems.reasonable in view
of the Gvidencô that this tracer follows assimilate movement
closely (Spanner and Probblo, 1962; Qureshi and Spanner, 197.5b),
and that the experimental treatments described were all
performed after approximately 30h from the time of application
of the tracer at which.point the accumulation in the rootstock
had settled to a steady rate.
There are two distinct patterns of response of the
transport rate following a rapidly imposed modification of
the petiole (path) temperature; these will be considered
separately. Firstly, when the temperature is raised there
is a sudden and sustained increase in transport rate (Figs. 3
and 4)* Secondly,, on lowering the temperature? accumulation
stops abruptly and then gradually recovers. During recovery
the accumulation rate increases and settles to a value a
little lower than that before cooling (Figs. 3 and 6).
Considering the first of these; on the assumption of
137mass flow, the rate of delivery of Cs to the rootstock may 
be written AVC , where at the point of entry to the rootstock,
A is the area of cross-section of the channel, V the velocity 
of flow and C the concentration of tracer in the moving stream. 
With this understanding, a rise in temperature in the region 
13 to 43 cm upstream (Fig, 1) might impose an abrupt change 
in V,, A being constant and C remaining, for the moment at
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6^least,, unchanged. Thus it is possible to obtain a value for
the of flow velocity by a comparison of the slopes of
accumulation, in the rootstock immediately preceeding and
following the temperature change. It may be argued that over
the longer term there could be gradual changes in the
*
concentration of the moving stream due to various factors,
although this is not indicated by the sustained nature of the
new accumulation rate. It must be stressed that it is the
short-term change in transport rate that makes it possible to
l%y
argue that the measured for the accumulation rate of ^ Cs
in the rootstock is in fact the for the velocity of flow
in the stream.
There are further observations that are of importance
in a consideration of the response to an increase in the
petiolar temperature* The speed at which the accumulation
rate responds and also the stability of this new rate over
a considerable time suggest that a single factor is
responsible for the change in velocity of the stream. This
is further indicated by the observation that the value of the
does not seem to be affected by either the magnitude of
the temperature change or the temperature level, within the
range 0 t o '50 C (see table). It was also noticed that
following an. initial temperature rise subsequent rises
elicited the same that is,, there appeared to be no hysteresis
in this response. Taken together with the magnitude of the
(about 1.2), these considerations point to a -physical
rather than to a biochemical mechanism (Geiger, 1969; Hull,.
1952). On the mass-flow premiss,, fundamental to several of
the current proposals for the mechanism of transport in the
phloem,, the only possibilities for altering the flow 
velocity are that the force that impels the sap changes or
that the resistivity of the conduit does so. It is in fact
Id(p
TABLE
The values for Q^q marked ♦ are less unambiguous than those 
not so marked (see text).
(Mean is 1.18 - 0.06 at 95% confidence level.)
Plant Experiment First
Temperature (t: )
Second
Temperature (b)
Qio
I 1 17. ' 10. 1.00*
II 2 ' " 18.5 5. 1.24*
III 5 21. 4.5 1.54*
IV 4 21. 6.5 1.03*
5.', ' 5.5 20. 1.27
■ V ' .■ 6 ■■ 3. 1.15*
- 7 : : ' V  2.5 22. 1.15
8, ; 23. - 3.5 1.40*
: ;3.5 - y 23. 1.20
VI 10 - ' 25. 2. 1.24*
11 2.5 : :, / 23. 1.09
12 . 23.: :  ^ ' 2. 1.24*
13 / 2. / \ 41. 1.20
VII 14 21. ' 0. 1.45*
.15 0. 21. 1.25
. 16 . 21. \ -3.
oo *
VIII . . 17 - -18.. V 36.. : 1.12
18 . • ■ ' 36»: 46. 1.00
. I X 19 ;; 20. ' ' 31. ' ' 1.12
X 20 18. 31. 1.07
• 21 ' . 31. : : 42. 1.11
22 - ; 42. 21. 1.09*
V 23 21. 43» 1.05
: 24 ' ' 43. 48.5 1.30
XI 25 20. ' . 30. 1.17
' 26 40.- 50. 1.06
27 20. 40. 1.05
y i
inevitable that whatever the nature or wherever located in
the driving force of this flow, it will be opposed by resistive
forcer, that will be a function of the scale and geometry of
the channel and of the physical properties, largely viscosity,
of the moving fluid. The suggestion that changes in
viscosity with temperature contribute to the pattern of
temperature response has been made before (Eseau, Currier and
Cheadle,. 1957; Ford and Peel, 1967). In fact this effect
alone would account for a Q^q of about 1.55 were the whole
resistive path to be subjected to temperature treatment*
This would reduce to approximately 1.17 where only about half
the path was treated- as in the present experiments. However
the acceptance of a major r ^ e  for viscosity in producing
the observed temperature dependence is tantamount to suggesting
that the impelling force for flow either resides outside the
temperature treated region (this implies a Munch type
hypothesis) or,, if it is located in the path region,, that it
is capable of functioning over a wide range of temperatures
(0 to 5 0 *C) with negligible temperature dependence. This
- .
would be unlikely for a metabolic pump (Weatherley,. 1972).
Any contribution of changes in the micro-geometry of the 
channel in producing the observed effects may probably be 
ruled out since viscosity changes are adequate on their own 
to explain the observations,, also it is hard to see how 
these changes could produce a sustained effect so rapidly.
. The second pattern of response mentioned above, that of 
an interruption of transport with subsequent recovery 
following a lowering of temperature,, seems at first sight 
to indicate some form of blockage*V- In, fact various cogent
ù>î:
arguments have been advanced, notably by Geiger (1969), that 
seem to show for lowered temperatures that a blockage or 
damage of some sort occurs with subsequent reversal (see also 
Giaquinta and Geiger,, 1973)- There are alternatives to a 
blocking mechanism. One that would be welcomed by those 
who flavour theories of sieve tube pumping might involve a 
disturbance of the pump which would require time to adjust 
to the new temperature. Webb and Gorham (1955) have 
compared translocation with cyclosis which may behave in 
this way. Another‘possibility is that the sieve tube 
membrane may lose its impermeability on sudden cooling.
This would result in an. immediate loss of turgor, with 
cessation of -flow,, which could only restart as the result 
of the restoration ùf the raprabrane properties,, coupled
.
with an active transport of the solutes into the tubo
again. The last 'of these alternatives seems the least ,
likely judging from the behaviour of ’normal' plant cells '
and it would show a dependence on the length of the treated
zone,, not found by Geiger,,(1969)• The remaining possibilities, ;
namely the disturbance of a metabolic pump or some form of j
■ - , . I
structural blockage,, are difficult to distinguish, at the |
moment except perhaps on an ultra-structural basis. Work |
. !
.has been done in order to distinguish between these but at
■ • . ■ I
present the problem is unresolved (unpublished work of the |
■  ’  ■  ■ ' j
author leads to rather a different conclusion from that of i
. ■ ; ' I
Giaquinta and Geiger,. 1973)» |
When the recovery from sudden cooling was taking place j
it v/as remarked that the accumulation rate increased and • ;
■ ■ " ■ ■ ■ ■ ■ Ifinally settled down to a value a little lower than that j
' ' - [ 
before cooling. If this steady rate is compared with that ‘
preceeding cooling, a Qj_o similar to that found when the !
temperature is raised is obtained. The interpretation of 
this is of course less unambiguous than if it had been 
calculated from strictly contiguous sections of the accumulation 
curve, for the concentration of the translocate stream may 
have changed materially during the period of recovery.
However so close were the values of Q^q obtained from 
experiments where the temperature was raised that these have 
been included in the table (these values have been marked *),
It may be that there was no significant change in the 
concentration of the translocate during this treatment; it 
is hard to see hov/ else this similarity of could have 
arisen* It is not unreasonable to suppose that the solution 
lying immobile in the conduits surrounded by ground tissue 
at equilibrium with it„ should remain essentially constant 
in composition,, especially at low temperatures. In the 
tracer reservoir region also,, the tracer content may well 
tend to a maximum steady value even though translocation flow 
rates may change-, for about 5 cm of the petiole is surrounded 
by tracer solution and the phloem is at the centre of 
convergent radial diffusion paths* A possible conclusion 
is that sudden cooling results in a transient blockage of the 
conduit causing flow to cease. This temporarily reinforces 
the effect of a change in the viscosity of the sap.
Another character that emerges from this work is that 
the interruption of transport is most severe when the temperature 
change is largest - for small temperature drops it is barely 
discernible (Geiger and Sovonick, 1970); this is hardly 
unexpected. It may mean that the metabolic imbalance, damage 
or blockage is proportional to the temperature change even 
when the actual value of the 'new ' temperature is ambient
70
iFig. 5)* However it was noticed that the time taken for 
recovery was longer when the 'new' temperature was lower 
(compare Figs. 5 and 6). This may indicate that the 
recovery from interruption involves a mechanism with a high 
temperature dependence*
There is a further feature of the cooling interruption 
that is of interest. If a cold acclimatised plant is warmed 
briefly and subsequently returned to the low temperature it 
may exhibit a sort of hysteresis. When the warm period is 
•short there is minimal interruption on return to the low 
.temperature, the transport rate recovering rapidly to the 
acclimatised rate (Fig, ?.). When the interim warm period 
is increased in length the recovery requires a longer time 
(Fig. 8), (Swanson*and Goiger, 1967;.
6
The extreme temperature treatments of -3 and 30 C 
resulted in permanent cessation of transport in the first 
case, indicating perhaps some form of frost damage; and in 
the second case the steady continuation of transport for at 
least four hours, obeying the same as other temperatures.
In comparison with results for protoplasmic streaming in 
Elodea (Zurzycki, 1931); the transport mechanism shows 
remarkable resilience!
That the formation of sieve plate callose may be induced 
by temperature treatments is fairly well documented (Webster ■ 
and Currier, 1961^; Me Nairn and Currier, 1968; Me Nairn, 1972); 
however the effect of callose deposition upon the rate of 
translocation is not so clear (Eschrich, Currier, Yamaguchi 
and Me Nairn, 1963)» It may be that temperature treatments 
influence translocation by some other mechanism in addition to 
that of callose deposition. The suggestion that in the results
'1 \
7.0ü0)10
| . temperature raised •temperature lowered
o4J
CO4->o
2
6.0
(U
4J
G•H
%4->•H
>
•H4JÜ
Cd
40
time in hours from tracer application
Fig. 7. 137The accumulation of Cs in the rootstock with time under 
conditions of repeated temperature change. Note the rapid 
increase of transport upon warming and the brief interruption 
of transport when the temperature is lowered again.
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presented here for temperature increases, a greater resistivity 
imposed by the formation of callose is offset by an increased 
pumping activity within the treated region (such as would be 
the case with an electro-osmotic mechanism), is possible but 
this would be unlikely, to yield such a consistent value for 
over the temperature range investigated.
Th@ findings Qf this paptr @@em t© tell against the 
several 'metabolic pump' theories and to favour the only 
alternative, the Munch Pressure-Flow Hypothesis. This 
mechanism alone seems consistent with the low value of Q^q 
reported here and elsewhere (Swanson and Geiger, 1967; Hull 
1952) also with the wide range of temperatures over which 
transport may be operative.
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2.4 THE INFLUENCE OF THERMAL TREATMENTS UPON PHLOEM 
ULTRASTRUCTURE ■
76
The influence of chilling upon phloem ultraetructure in 
the petiole of Nymphoides peltata and a possible mechanism 
for translocation inhibition.
'Alexander Lang ,
Department of Botany, Bedford College, University of London 
Recieved
ABSTRACT
Petioles of Nymphoides peltata were subjected to a low ■ 
temperature treatment for varying lengths of time and the 
ultrastructural changes correlated with a presumed translocation 
rate. A thickening of the callose in the sieve pore appears 
to be responsible for the temporary interruption of 
translocation upon chilling found in previous work with this 
plant. . '
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INTRODUCTION
In an effort to discover the mechanism responsible for phloem 
translocation in,higher plants, thermal treatments to the 
'path' region of the transport system have been made by 
various workers. It is probably fair to say that most of 
this work lends support to a mass flow mechanism (the favoured 
.position which mass flow enjoys in the world of phloem 
research is based of course upon much wider evidence than 
that derived from temperature experiments alone); moreover 
certain work at least seems to favour the Munch Proosuro-Flow 
mechanism (Weatherley, 1972) although this interpretation 
does not gain such widespread support. More recently with 
the work of Geiger-(1969), V/ebb (1971) and Lang (1974) (2.J) a 
consistent pattern of response of the phloem to temperature 
treatments to the 'path' region has begun to emerge and the 
debate has centred upon the interpretation of this pattern 
within the framework of existing translocation theories. In 
a way all too familiar to the phloem researcher a paradox 
presents itself with this pattern. Certain temperature 
treatments, notably the elevated and the milder ones, give 
results that are most consistent with the Mifnch Hypothesis, 
while those treatments involving chilling and harsher changes 
evoke a response more characteristic of a 'metabolic' 
involvement. Those who hold the former position have
suggested that the'inhibition of phloem translocation by
. , '
chilling treatments to the 'path' region is mediated by a 
blocking mechanism (Geiger, 1969; Webb, 1971). This suggestion 
of course prompts an ultramicroscopical investigation such as has 
boon carried out by Giaquinta and Geiger (197.5). Those workers 
find the sieve plate pores of their control material to be free 
of p-protein filaments and upon this base their conclusions.
However it
12.
is widely held that such a condition, in certain species at 
least, represents handling and fixation dama.";e;this would seem 
to vitiate their argument. In fairness to these workers 
though, the evidence on this point is equivocal and for this 
reason it is not intended here to enter the arena of debate 
surrounding•this but simply to present evidence of ultra- 
structural changes induced by low temperature treatments to 
material which>in the opinion of the author,invariably 
exhibits at least some degree of occlusion in the undamaged 
condition of the sieve plate pores by p-protein.
Following the results presented in 2.3 above it seemed 
worthwhile to extend this work along similar lines to 
Giaquinta and Geiger. The characteristics of phloem 
translocation in Nymphoides peltata during various chilling 
treatments had been determined and found to be closely 
reproducible under certain prescribed conditions; this 
permitted quite a simple experimental approach to the present 
problem. Accordingly this work was undertaken and in the 
absence of any clear idea of 'what to look for' (bearing in 
mind that the temperature effect could well be mediated at a 
metabolic rather than at an ultrastructural level) trends or ■ 
differences in the appearance that could be correlated with 
the presumed translocation rate were sought throughout the 
structures' of the sieve element and its organelles.
MATERIALS AND METHODS
Plants of Nymphoides peltata were grown in tanks maintained 
at 18 to 22 b with 16 h of light each day. Three plants 
were selected (1,2 and 3) each with three mature healthy 
leaves (A,B and C), the petioles being about 60cm long; the 
remaining, leaves were severed at their petiole bases. The 
plants were arranged as shown in Fig. 1 with their rootstocks, 
petioles and leaves immersed in water contained in three 
separate troughs,-the temperatures of which could be adjusted 
independently. The laminae were illuminated constantly 
by tungsten light of about 30 lux, filtered through Chance 
0.N.20 heat absorbing glass. Those portions of the petioles
not held under water were draped with polythene film as
'
indicated to prevent desiccation. . The plants were maintained 
overnight in this fàshion,t}ie water in each trough being at
20 1 2 t.
Experimental "treatments were designed to be comparable
to those described In 2.3 above. At intervals of 30 min
petioles were harvested commencing 15 min prior to an abrupt
change in the water temperature in the centre (petiole)
trough. The temperature here was lowered by the rapid
removal of the original water and its replacement by chilled
water at 3 0^, This temperature v/as maintained by the
'
presence of ice, backed up by a powerful thermostated 
heater-stirrer unit. The rootstock and lamina temperatures 
and conditions were maintained as before. The temperature 
of 3 *0 was- chosen because previous work indicated that the 
translocation was severely inhibited but would, if the low 
temperature was maintained, recover over a period of 4-5 h 
to a rate only a little lower than that before treatment"
(Fig. 2).
? 0
Legend
Fig, 1. The experimental set-up for applying the low
temperature treatment to the centre 3O cm of the petioles
of Nymphoides peltata. All three troughs were maintained
jàt room temperature prior to the experimental treatment, at
this point the water from the centre trough v/as syphoned out
«
rapidly and replaced by water at 3 C . This temperature was
maintaine-d by the presence of ice in the central trough 
backed up by the powerful heater/stirrer unit shown; rootstock 
and lamina troughs were all the.time maintained at room 
temperature.• The inset shows how desiccation of the above 
water portions of the petiole was prevented.
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The method of harvestings adopted was intended to minimisé 
turgor release and other artefacts. At the times indicated 
a petiole was severed at its base and immediately below the 
lamina and then whilst the mid region was held in a drop of 
chilled 5';'o glutaraldehyde, replicate 1 mm sections were 
removed. • These were prepared for electron microscopical 
'investigation using standard procedures.
RESULTS AND DISCUSSION
The electron micrographs were grouped according to the times 
when the material was harvested; these are indicated ■ in 
Fig. 2. The choice of micrographs that were typical of 
each group was made difficult by the variability within each 
group and-a certain overlap in the appearance between the 
groups. In seeking to correlate the appearance of the 
micrographs in each group with the presumed translocation 
rate (Fig. 2) certain trends were obvious and may be seen 
in the series Figs. 3 to 7. These trends relate to the 
distribution of the cytoplasmic components in the lumen.
?,'hen the translocation was presumed to be least (Fig. h - after 
15 min of chilling) there was a minimum density of cytoplasmic 
material in the lumen in the vicinity of the plate, this 
material being dispersed fairly evenly throughout the lumen. 
This is in contrast to the pretreatment condition of Fig. 3 
where this material was aggregated on one side of the sieve 
plate. Following the minimum density of Fig. l\. the 
aggregation of cytoplasmic material in the vicinity of the 
plate became gradually more pronounced (Figs. 5 to 7) as time 
proceeded (and as the presumed transport rate increased), 
rt is worth noting also that whilst the starch grains seemed 
to be roughly equally numerous on each side of the plate in 
all groups (Fig. 7 is perhaps not typical of its group in ,this 
respect) the p-protein appeared to be asymmetrically 
distributed.
An analysis of the callose deposit in some 500 sieve 
plate pores revealed about a 65?^ increase in the thickness 
of the callose in the 15 min material above that in the 
pretreatment material (see Fig. 8) this thickness gradually 
reduced again in the subsequent groups to an amount 
comparable to that in the pretreatment condition. This trend

Fig. 3- Electron micrograph (x 7000) of a sieve plate of 
Ny-nnhoides peltata petiole in longitudinal section. 
Appearance at room temperature prior to chilling; note the 
pores filled with p-protoin and relatively little callose 
also the dense aggregation of p-protein and other material 
in the lumen to one side of the plate.
8/

Fig, if. Electron micrograph (x 5000) of a sieve plate of 
Nymphoides peltata petiole in longitudinal section.
Appearance after 15 min of chilling treatment at 3^0; note 
the pores filled with p-protein and lined with rather more 
callose than in the previous Fig., The p-protein in the lumen 
is more evenly dispersed, nove^tholoss a small local concentration 
is in the vicinity of the plate,, largely on one side.
89
(^0
Fig. 5* Electron micrograph (x 11000) of a sieve plate of 
Nymphoides peltata petiole in longitudinal section.'
9
Appearance after 45 min of' chilling • treatment, at. 3 0 ; note 
the pores filled with p-protein', an intermediate amount of , 
p-protein is aggregated on one.side of the;plate. \
9/
n
Fig. 6. Électron micrograph (x 7000) of a sieve plate of 
Nymnhoides peltata petiole in longitudinal section. 
Appearance after 75 min- of chilling treatment at 3 ;  note 
the pores filled with p-protein, an intermediate amount of 
p-protein is aggregated on one side of the plate.

94-
Pig. 7. . Electron micrograph, (x 11000) of a sieve plate of 
Nymphoides peltata petiole in longitudinal section. 
Appearance after 13$ min of chilling .treatment at 3 *^0 ; note 
the pores filled with p-protein, a dense aggregation of 
p-protein and other material may. be seen to one side of the 
plate.
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%does not chow distinctly in the micrographs presented in 
ligs.. 3 to 7 for tne callose layer was rather variable 
within any group (variability in these measurements would, 
in part at least, be due to the mixture of tangential and 
radial sections of the pores found in longitudinal section 
of the sieve, plate). The density of p-protein within the 
pores* did not uieasuraoly or obviously increase with 
increasing callose thickness; this correlation however, which 
might be expected if the pores had originally been filled 
with p-protein, may well have been obscured by variability, 
and the difficulty in assessing density. The condition of 
other cytoplasmic components and organelles did not appear to 
reflect translocation rate in any way.
The connection between p-protein distribution and 
presumed translocation rate'is not immediatly obvious. As 
a cause of the rate changes measured it would appear to be 
*the wrong v/ay round' - the more material there is adjacent 
to the plate the greater the transport rate. It is of 
interest that the results of Giaquinta and Geiger (1973) seem 
to be in conflict with those presented here and they conclude 
"that inhibition of'translocation brought about by localised . 
chilling is the result of cytoplasmic changes which result in 
the occlusion of the sieve pores. It appears that chilling 
causes the .lipid portion of the plasma membrane or perhaps 
the sieve tube reticulum to undergo a phase change. This 
phase change limits the fluidity of the membrane and may lead 
to vesicle'formation and detachment from the wall. The 
collapse of the material lining the wall would allow flow to 
carry the cytoplasm, organelles, p-protein, and membranes into 
the sieve plate." Such an interpretation is not consistent 
with the view that the sieve pores are normally filled with
97
p-protein or with the micrographc presented here. 'The 
alternative explanation consistent with the Figs. 3 to 7, is 
that this distribution is not the cause but the result of 
some change. For example if this aggregation were the result 
of surge (an artefact of handling and fixation technique) then 
a decrease in the hydraulic conductivity of the sieve tube, 
mediated by some other method, would presumably protect the 
cell from surge and reduce the artefact. Upon'this understand­
ing the observation of increased callose thickness may be 
important. It is not ijnmediatly obvious from the increase 
recorded in Fig. 8 the extent to wnich the hydraulic conductivity 
of the tube would be affected; this may. be estimated as follows. . 
The 63% increase in the callose deposit recorded from the 
prechilling to the 13 min chilled material represents for 
these pores a reduction in the effective radius of the pore 
of 33/0 (the initial calloseiradius ratio was 0.53-1)- The 
influence of such a reduction upon the hydraulic conductivity 
may bo calculated either upon the premiss of 'open' pores (using 
rol/jouill(.-»;i equation), or upon that of p-protein filled poroo 
(using the formulation of Fensom and Spanner, 1969). For a 
constant pressure gradient the volume flow rate through the 
pore on the former-premiss is a function of the fourth power 
of the radius, and ,the rate reduces to 18% of the previous  ^
value, making an allowance for the viscosity increase with 
lowered temperature .this reduces still further to about 9.7%.
On the latter premiss the volume flow rate is dependent upon 
the spacing of the p-protein fibrils, these would be compressed 
and the spacing presumably reduced in direct proportion to 
the reduction in radius. Allowing for viscosity increase
and assuming constant pressure gradient and a prechilling
o ,
fibrillar spacing of 723 A (indicated as possible in section
%c allOEG cellulose
2 X t + d
Fi?. 8. The callose thickness in the sieve pores was 
estimated from the micro/graphs usin^ ; a x 10 hand lens fitted 
with a 2 cm .p’raticule (small divisions 0.01 era). Pairs of 
measurements of t and d were tabulated and these values 
normalised by dividing each by (2 x t + d), The resulting 
thicknesses were averaged for each experimental treatment, 
and the 95/o confidence interval calculated. The results of 
this analysis are tabulated below and presented graphically 
in Fig. 9. . ' - ...
---------------------- -
Ko. of pairs of Treatment time Mean thickness
measurements (min) (normalised)
: 96 0 0.174 - 0.017 .
64 0.237 - 0.010
96 0.265 - 0.011
: ^2 0.260 - 0.012, ■
13 ' 135 ' ■ 0.223 - 0.029
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3.5 and commensurate with the micrographs of Nymnholries neltata 
analysed by Fensom and Spanner, 1969) a reduction in the 
volume flow rate through the pore to about 6% of the pre­
chilling value would result. This argument may be extended, 
for the -plot of the experimentally determined callose thicknesses 
in Fig. 9 will yield corresponding values for volume flow 
r a t e ‘and from these, assuming a constant tracer concentration 
.in the sap as it enters the rootstock, an estimated profile 
of accumulation of tracer with time may be built up; this is 
shown superimposed upon the callose thickness plot of Fig. 9.
.That the estimated profile is strongly reminiscent of that
found experimentally, shown in Fig. 2 is inescapable and the 
following suggestion is provoked. The temporary inhibition 
of phloem translocation by chilling treatments to the path
region is mediated in this plant by a slight increase in the
thickness of the callose, this, with p-protein filling the 
sieve plate pore and an increase in the viscosity of the sap 
with lowered temperature, is on its own sufficient to explain 
the severity of inhibition observed in physiological work (2.3 above) 
It may further be suggested that the presence of an aggregation 
of p-protein and other organelles on one side of the plate as 
in Fig. 3 (but not the p-protein lodged in the sieve plate 
pore) is the result of surge artefact - this is consistent 
with the observation of p-protein distribution in the lumen 
in the plant material at different times (Figs. J> to 7) and 
the probability that a drastically decreased hydraulic 
conductivity of the sieve tube would afford protection from 
surge in harvesting and fixation. That chilling inhibition 
appears to result from a reversible blockage of the conduits 
is a fairly popular interpretation of physiological experiments 
(Geiger, 1969; Webb, 1971; Lang, 1974).
l O Z
2.3 CONCLUSION
The translocatory process in the petiole of Nymnhoides neltatg 
seems to be rather insensitive to metabolic inhibition and to 
thermal treatments. Such response as was elicited bÿ these 
means may be explained solely in terms of changes in the 
viscosity of the sap and in the conductivity of the channels; 
the latter being mediated by changes in the thickness of the 
callose lining the sieve pores. Metabolic processes would of 
course be involved indirectly in the deposition of callose and 
in its subsequent gradual removal; this point being suggested 
by the dependence upon temperature of the recovery period 
length following thermal shock.
The indications are that by cooling the petiole to about 
3 for a few minutes before harvesting for d e c  trouinicroscopy, 
and thus producing the artefact of callose deposition and 
reducing the hydraulic conductivity of the sieve tubes, some 
protection may be afforded against surge and hence the 
contraversial surge artefact.
It is felt that Part 2 presents good evidence for the 
mass flow of sieve tube sap.
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PART 3 MODELS OF PHLOEM TRANSLOCATIOM 
3.1 INTRODUCTION
Then a co.plex system is under investigation^a model may 
often be of assistance as a help towards an understandin/r 
of its underlying processes, as a v/ay of making and testing 
predictions and as a stimulus to further thought and experiment.
A model however, especially of a subject as complex as that 
considered here, inevitably involves simplifications'some 
of which are more easily justified than others. Broadly 
these fall into two categories: those concerned with the 
choice of.subject and those involving approximations. The 
former class is of prime importance since a suitable choice 
may involve the adoption of conditions permitting simplifications 
which are wholly justified and may reduce drastically the 
number of approximations necessary. In. the present work 
upon the phloem translocation system^it is thus a help to 
choose a plant organ such as a petiole which may be long and 
of uniform anatomy and in which transport has been shown to 
be unidirectional. This organ is of further advantage 
since being without* growing points and with minimal storage 
sinks, it may adopt almost exclusively the role of a 'path* 
region. A further simplification of this class, which is 
seen below- to be of importance, is the choice of steady-state 
conditions which allows a whole range of further simplifications.
Several models have been considered during the course of 
,this work of which six have been tried out. The first of 
these were not steady-state models and results from these 
were on the whole less satisfactory than the later steady-state 
ones; this was for reasons of practical difficulty and not of
principle. " T F
10^
3-2 -TV/O MODELS OF LIMITED VALUE
These first models did not presuppose a steady state and
were only a qualified success; -this was for practical rather
than for conceptual reasons. Two-are described here; an
electrical analogue and a hydraulic model. The former v/as
replaced at a later date by a digital simulation on the
University C.D.C, 6600 Computer by Davidson,(1973); the
latter was redesigned and rebuilt and is described in the
next section (2.3)*
The electrical analogue was intended to reproduce the
axial distribution characteristics of an applied tracer 
1 ^'7(probably Cs) in the movln;’; phase within the sieve tubes, 
whilst making allowance for its lateral movement in the 
stationary phase of the ground tissue. The model comprised 
12 analogue segments (it was intended ultimately to extend 
this to 24), where for simplicity the voltage may be considered 
the analogue of tracer concentration. It was possible to 
vary the 'velocity* of tracer movement and the capacities of 
the * sieve element* and the 'ground tissue*. ' 'Lateral 
diffusion* into the 'ground tissue* could be made reversible, 
or irreversible and to occur at different rates. Ey 
appropriate adjustments-of.these parameters in the model it 
was hoped to reproduce profiles of'concentration' comparable 
to those produced in the petiole of Fymphoides peltata of 
tracer at different times following its application to the 
vascular strand just below the lamina (such profiles, are 
illustrated for the plant in Fig. 3 of section 3-3)* From 
the relative values of the various electrical components of 
the model it was then hoped to permit a breakdown o c' 
certain measurements made upon the plan.t into their components.
For instance the G.M. pro;e which produced the curves 
referred to above is unable to distinguish between the 
tracer moving in the sieve tube and that stationary within 
the ground tissue. Thus the measure Ci of tracer content 
it yields for unit length may be written, Q  = R. C, -+ A-^ Ca. 
where is the area of cross-section and C  the concentration 
of tr*acer, the suffixes, » and z. denoting the sieve tubes 
(moving phase) and the ground tj.r..u.e (static phase) respectively. 
The model is of course by analogy able to distinguish these.
From this' information the rate of accumulation of tracer 
which was measured in the rootstock would permit an estimation 
of the velocity of flow of sap in the plant at any point in 
time and along the plant axis.
The model comprised 12 analogue segments linked in a
'
chain by cathode followers ; - the first two segments are 
illustrated in Fig. 1. Each analogue segment consisted of 
three parts; a capacitor c» representing the tracer holding 
capacity of the sieve tube • segment ; a capacitor c.^ linked 
through a resistor Rz representing the resistive path into 
the ground tissue and the' tracer holding capacity of this 
tissue; and a resistor Ra connected to earth which in 
conjunction with R, allowed for the segmental (axial) drop 
in concentration due to the lateral entry of water (this 
was associated with a proportional velocity increase). The 
time constants of the network are a function of the absolute 
values of C, and and their relative values specify the 
ratio of the, tracer holding capacities of the 'sieve tube* 
and 'ground tissue*.
It may be seen that the capacities are 1:5 'sieve tube*
to 'ground tissue* and the values 
voltage reduction Vfx4 r Vxr » R\
of R» and result in a 
per segment of in
The first tv;o segments of the electrical analogue network
IO(e
sieve tube coneentration'
rround tissue concentration
input
socket
lOOK
zee
lOOK R 
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1 M 
1 M
0.022yJlI
0.1 yxi
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v o l t s
9 10 11 1271 50 2 Ôb
nalO/i.ue segment jnuinber
The profile of volta e^-.-.dov/n'-the- analogue chain
Voltage may be considered the analogue of concentration and 
this profile compared v/ith . that of tracer in the plant at 
steady state (Fig. 5 of section 3.3)
excess of that inherent in the working of the cathode 
followers. A steady 24 v D.C. was applied to the square 
orange input socket E2 (this being analogous to the introduction 
of tracer at constant rate) and the voltage at the square red 
socket B was recorded for each segment at the steady state.
This measurement was made with an oscilloscope linked via an
auxiliary cathode follower to avoid disturbance of the model
(a high speed multi-channel U.V. recorder was intended as
the eventual reader). At steady state a voltage ('concentration’)
profile resulted which dould be compared favourably to that
of tracer in the plant (see Fig. 3 of section 3*3 and
compare Fig. 2 of section 3*2). The time constant t of the
model is determined largely by Rt and Cj. (wheret -
and in consequence the model achieved steady state after some
(4-*^ ) 0.4 sec. It was hoped that by inputting low frequency
(about 2 cps) square 24 v pulses the non steady state profiles
of the tracer distribution in the plant would be modelled ;
precise fitting being achieved by appropriate small adjustments
to the electrical componants in the network.
The model v/as abandoned in this form not due to 
malfunction but dud to the inordinate amount of time 
required to effect these small adjustments. It was also 
felt that a comparable model could probably be accomodated 
on a digital computer where changes in the parameters would 
be much simpler,more rapid and more precise. On the 
computer also semi-automatic optimisation proceedures 
could be carried out. These feelings were to be shown 
correct at a later date by Davidson, (1973)«
109. !
The hydraulic model is based upon the premises discussed
at some length in the next section 3.3, for this reason the
following is confined to a description of the model. This
model was intended primarily as a pilot to test the feasability
of this sort of approach. Accordingly a 16 ft length of
^ in diameter- dialysis tubing was rendered semi-permeable by
passing a 0.1 M potassium ferrocyanlde solution down it
whilst it was immersed in a long trough of water’containing
0.1 M copper sulphate. When the semi-permeability had been
established a solution of 1 M sucrose was passed into one
end via an adjustable drip feed from a constant head supply
some 8 ft above. Into the other end was inserted a Pasteur ,
pipette which was clamped so as to feed the effluent into a
measuring cylinder. Eight capillary resistances had
previously been inserted at 2 ft' intervals along the tube
and the tube wall sealed around them tightly by binding
with wire. No arrangements were made for the removal of
aliquots of solution for testing. Simple lever type devices
rested upon the tube (Fig. 3) between the resistances and
these^by distorting the tube slightly/registered the turgidity
at these points. . These had previously been calibrated to
read turgor pressure in ft of water. At the steady state
the curve shown in Fig. 4 resulted (the vertical limits were
determined■for each device during calibration and represent 
*
a rule of thumb estimate of the error due to friction and 
hysteresis). ' ,
While these measurements were not entirely satisfactory 
the excercise enabled a better design to be made which is 
described in the next section. Most of the difficulties j
had been encountered and the sensitivity required of the  ^ i
methods of measurement was established. ' 1
I /o
5 rain Durai tube
6 swg phosphor bronze wire
diara dialysis tubin,
4 era
The simple pressure measuring^device used in theFig. 3
hydraulic model
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J.3 A V.'OSKIl.'G MODEL OF A SIEVE TUBS
(This section takes the form of a paper and has been accepted 
for publication in the Journal of Experimental Botany)
Journal of Experimental Botany, Vol. 24, No. 82, p p . 896—904, October 1973
A Working Model of a Sieve Tube
A L E X A N D E R  LANG
Department of Botany, Bedford College, University of London 
R eceived 10 April 1973
A B S T R A C T
A  working model o f a sieve tube is described, based upon the Pressure F low  H ypothesis. The 
flow of solution in the sieve tube is envisaged as being due to  the joint influence o f  an axial 
turgor pressure gradient and a lateral water potential difference which causes an intake of 
water along the tube. In  this second respect the model differs from th at originally suggested  
by Miinch.
The model comprises a length of dialysis tubing rendered semi-permeable, incorporating 
capillary resistances at regular intervals. A  sucrose solution is pumped into one end and 
collected at the other, the whole being submerged in water.
Turgor pressures and concentrations along the m odel were recorded at intervals ; thus the 
approach to  the steady state was followed. In  the steady state ^'*C-sucrose was introduced to  
the solution being pumped and its approach to  a steady distribution in  th e m odel was 
followed.
Im portant conclusions reached are that the Miinch Pressure-Flow H ypothesis implies a  
pressure profile convex upwards, a  velocity  increase down the phloem , and an exponential fall 
in  tracer concentration without its lateral leakage.
I N T R O D U C T I O N
The Miinch Pressure-Flow Hypothesis, some forty years old, is still widely favoured 
(Crafts and Crisp, 1971). While this hypothesis has many critics most are agreed 
that, should it he inadequate, the principles invoked are fundamental and must 
contribute to the pattern of flow even if this should in the main be by some other 
mechanism. Moreover, certain interesting characteristics of the pressure-flow 
pattern would hold more or less equally for other mechanisms involving uni­
directional flow in the sieve tubes. Thus a model erected to illustrate certain 
possibihties of the pressure-flow mechanism would become of wider interest. In 
particular the presence of pumps at the sieve plates could, to some extent at least, 
be regarded as equivalent to a lowering of their resistance in the interests of an 
over-all turgor pressure gradient which would remain the prime mover.
It is difficult to measure, directly and continuously, such important factors in 
solute translocation as turgor pressure and concentration. Recourse is therefore 
made to indirect or to destructive techniques. Results from such methods are open 
to different and sometimes opposing interpretations. The construction of a plausible 
model offers, to a hmited extent, a way round this difficulty. Measurements may be 
made upon it directly, and further treatments, designed to be similar to the indirect 
teclmiques used with a plant, may also be employed. A comparison of these 
'direct' and ‘mdirect’ measurements of the same parameter could afford some
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measure of confidence in deductions from indirect methods employed with the 
living plant.
M A T E R IA L S  A N D  M E T H O D S
The m odel consisted o f a 7-2 m  length o f 6-35 mm diameter dialysis tubing (the sm allest 
obtainable) rendered semi-permeable by the formation o f a copper ferrocyanide precipitate 
-svithin the w all. This tube was immersed in  a water bath. The precipitate was formed b y  
passing a  solution o f approxim ately 0 1 M potassium  ferrocyanide down the submerged 
dialysis tubing and, w hen this filled the tube, introducing 0 1 M copper sulphate Into the  
bath. Some o f the potassium  ferrocyanide had evidently escaped into the bath through the 
tube wall, for some precipitate formed in  the bath. The tube walls became a dark chocolate 
bi'own. This particular procedure was chosen in  order to  prevent the formation o f any  
precipitate in  the lum en of the tube which m ight have caused blockages.
The tube was m ade suitably resistive b y  inserting at 120 cm intervals short (2 cm) lengths 
o f capillary glass tubing. There were six  o f these ‘stations’. Im m ediately in front o f the  
capillaries, sensitive devices were inserted for monitoring the pressure through fine bore 
manometers and for withdrawing small samples for analysis, both w ithout appreciably 
disturbing the system  (Fig. 1). The end constituted the seventh station, at which pressure was 
atmospheric and from w hich samples were taken. The over-all volum e of the model was 240 ml.
For the experim ent, 0 2 M sucrose was pumped into the system  b y  a peristaltic pump at a  
fixed rate o f 0 05 ( ± 5  per cent) m l min~^. W hen the model had reached a steady state w ith  
regard to  sugar concentration and turgor pressure, the entering 0 2 M sucrose solution was 
enriched w ith  ^^C-labelled sucrose to  an activ ity  o f 20 fiCi 1“ .^ Sugar solutions contained a 
small am ount o f copper sulphate and a trace o f thym ol to  discourage bacterial growth ; the 
water both was sim ilarly treated. The sugar concentrations were measured b y  withdrawing 
0 1 and using an Abbé refractometer.. The was assayed b y  drying down 0 2 m l samples on 
planchets and counting these on a low  background autom atic G.M. counter.
R E S U L T S  A N D  D I S C U S S I O N
The results are presented in Figs. 2 to 4. They show firstly (Figs. 2, 3), the develop­
ment of turgor pressure and concentration profiles as the system, initially quiescent, 
approaches what in the living plant would be the conducting state. Secondly 
(Fig. 4), they show the development of the tracer profile in a system that throughout 
was steadily conducting. To these have been added (Figs. 5 and 6) experimental 
results that have been obtained following the application of ^ ^^ Cs to the conducting 
petiolar bundle of NympJioides peltata; the steady state affords a reasonable 
comparison with the model.
Whenever a model is constructed that differs in scale from the original, effects 
are encountered that result from the changes in the distance/surface/volume ratios. 
Further, assumptions and simplifications have necessarily to be made if  the model 
is to be of manageable simplicity. These it is to be hoped will not invalidate the 
model.
Tn the present case the complex and fine-scale phloem tissue is represented by a 
single length of semi-permeable tubing, necessarily very much coarser. The xylem, 
always in close proximity to the phloem, is represented by an external water bath. 
In the model the analogue of sieve tube resistance is provided discontinuously but 
not unrealistically by a series of capillaries. Another simplification is the omission 
of any arrangements for withdrawing sucrose laterally through the membrane; 
however, in many physiological situations this seems to be an approximation to  
the actual behaviour.
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Flow meter
YPeristaltic | 
pump
J L
gu
/ \ .
^Water bath
Semi permeable 
tubing
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Semipermeable 
tubing \
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pvc
F ig . 1. Diagram of the model. The squares labelled 1 to 6 represent the six stations. One of 
these is shown in detail in the lower diagram, c, glass capillary tube ; e, fine polythene tube 
for extracting samples for analysis; gu, glass U-tube; gt, glass tube; m, fine polythene 
tube to mercury manometer; pvc, P.V.C. tube; sst. stainless steel double T-piece.
Of course the plant, with a much higher surface to volume ratio, develops a much 
higher state of turgor, its turgor pressure being presumably considerably closer to 
the osmotic potential of the sieve tube sap, than obtains with the model, with 
water potential close to zero. These conditions were not practicable in the model 
and may represent the major criticism, for in the model the magnitude of the water 
potential is comparable to that of the osmotic potential and the turgor pressure is 
relatively low. The choice of input flow rate and concentration was such as to 
produce a signiflcant osmotic dilution of contents as these travel along the tube.
wj
X
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Sta tion
F ig . 2. The maturing turgor pressure profile after the introduction of 0 2 M sucrose: a, 
immediately after introduction of 0 2 M sucrose ; b, after 7 h ; c, after 30 h ; d, steady-state 
profile attained after about 90 h.
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F ig . 3. Development of profiles of sugar concentration following the introduction of 0 2 M 
sucrose : a, along the a;-axis at 0 h ; b, at 10 h ; c, at 20 h ; d, at 30 h; e, at 60 h ; f, at steady 
state after about 90 h. The curve in the inset is the 90 h profile plotted with logarithmic 
ordinates ; note its concavity upwards.
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In spite of these shortcomings it appears that the profiles produced are similar to 
those to which analogy is desired (compare Fig. 4 with Figs. 5 and 6). It is im­
possible to relate the scales of either the a;-axis or the y-axis in these figures except 
in empirical terms; comparison is restricted to the over-all pattern.
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F ig . 4. The development of sucrose profiles following the introduction of tracer when 
the system had reached a steady state osmotically. The ordinates represent the concentration 
of labelled solution as it replaces the original inactive solution : a, at 10 h ; b, at 15 h ; c, at 20 
h ; d, at 25 h ; e, at 30 h ; f, at 35 h ; g. at 45 h ; h, at 55 h ; i, at final steady state after about 
90 h. The curve in the inset is the 90 h profile plotted with logarithmic ordinates ; note its
concavity upwards.
Lateral mflux of water and concomitant increase in flow velocity down the 
channel seem inevitable in the Pressure-Flow hypothesis, and indeed in any mass 
flow theory. It is bound to result in a non-linear pressure profile; this the model 
illustrates very well. Granted that the resistance to flow is uniform, the increasing 
volume flow down the channel must be accompanied by an increasing pressure 
gradient, dictated by the Poiseuille equation. Thus the pressure profile in the sieve 
tubes would be expected to be convex upwards and this is borne out by the observa­
tions on the model (Fig. 2).
The lateral intake of water, referred to above, has also the effect of reducing the 
concentration of the sugar solution as it travels along the tube. Fig 3 shows the
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D istance down petiole (cm)
Fig. 5. The maturing profile of down the central vascular strand of Nymphoides
peltata petiole. The tracer solution was placed in a well on the petiole about 10 cm upstream 
(to the left of zero), just below the lamina. The petiole was uniform and of simple anatomy ; 
illumination was constant ; a, at 15 h; b, at 30 h; c, at 45 h; d, at 60 h; e, at about 90 h 
represents the steady state where net lateral leakage of tracer is zero and mass transport rate 
as measured by the accumulation of tracer in the root is constant.
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Fig. 6. Steady state distribution of i®’Cs (curve ‘e’ of Fig. 5), plotted with logarithmic 
ordinates. Note the concavity upwards.
development of the sucrose concentration profile. Reference to Fig. 4 which shows 
a very similar steady state profile, suggests that the tracer distribution in a plant 
may perhaps, after a suitable time, give a fair estimate of the changes in concentra­
tion of sieve tube contents as they travel in the phloem.
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It is commonly agreed that in a sieve tube the moving front of an introduced 
tracer is slowed up and dispersed by its partition between the groimd tissue and the 
moving stream, in a way somewhat analogous to the movement of a solute on a 
chromatogram (Biddulph and Cory, 1957). In the model there will be a dispersion 
that may be considered, to some extent, analogous to this partition dispersion. 
This is caused not by partition but by convectional mixing in the rather large 
bore tube, which will have the effect of breaking down any sharp fronts of the 
tracer. Observations on the steady-state condition are simpler to interpret, since 
osmotic dilution and this dispersion make the movement of tracer a rather 
complex process.
There are various methods that have been employed in order to estimate the 
velocity of phloem transport in plants; it is instructive to apply similar methods to 
the model. In tliis model the input volume flow rate is 0 05 ml min~i and the tube 
diameter is 6 35 mm. The mean velocity at the start of the tube is given by the 
volume flow rate divided by the cross-sectional area, i.e. 0 16 cm min~^. In the 
steady state this increases along the model to a value of 0 66 cm mm~  ^at the outlet 
where the volume flow rate measured was 0 21ml min“ .^ A rather similar method has 
been applied to the phloem (Colwell, 1942). However, due to uncertainties in the 
estimation of area of cross-section and of volume-flow rates (these being calculated 
from mass transport rates and concentration) the velocities arrived at were only 
approximate.
Another measure of velocity, similar to that used by Biddulph and Cory (1957), 
may be obtained from the time that elapses between ^^ C tracer application and the 
moment when it is flrst measurable in the effluent from the model. This method is 
influenced by the dispersion of the tracer front and the sensitivity of the detector 
used. In the present case it is observed (Fig. 4) that the tracer was measurable in the 
effluent, station ‘7’, after some 30 h. This gives a mean value of 0 4 cm min~i over 
the whole length of the system (7-2 m) ; a value which is in good agreement with the 
range of 0-16 to 0-66 cm min~  ^already found.
A reflnement of this approach (Huber, 1941) is to follow the movement of a 
proflle down the axis of the phloem. Using this approach with this model, a hori­
zontal line has been drawn arbitrarily at 60 mM (Fig. 4). The time interval between 
curve ‘a’ and curve ‘c’ is 10 h and the distance between them, at the 60 mM level, 
is 110 cm. Assuming that the proflle moves steadily to the right without change of 
shape (this is obviously not the case), this represents a mean velocity of 0-18 cm 
min~^ over the region approximately between stations ‘2’ and ‘3’.
The favourable comparison between these various methods is rather deceptive, 
hiding their limitations. In this model the conditions are much more closely con­
trolled than is possible in a plant, in which velocities calculated by these methods are 
clearly less certain because of variations in entry rate of sucrose or of tracer. 
Further, lateral leakage of either of these, the question of counter sensitivity, 
problematical estimates of the cross-sectional area, and measurement of the 
concentration of moving translocate, introduce further uncertainties. By the 
application of these methods to the model, the point is made that they lead to a 
valuable, although approximate, measure of translocation velocity.
§I
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F ig . 7. Velocity profile in the model at 
steady state. This curve is generated as 
explained in the tex t from the steady 
state turgor pressure profile.
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It is worth noticing that the slope of the pressure profile (Fig. 2) would, to an 
appropriate vertical scale, represent the velocity of flow (Fig. 7).
Besides these features the model draws 
attention to some other interesting facts. Even 
without lateral leakage, the profiles of show 
what appears to be an exponential fall-off 
(Fig. 4), due to the dilution resultmg from the 
intake of water. Lateral leakage is the usual 
explanation of this phenomenon (Horwitz,
1958). The semi-logarithmic plot of the final 
steady state of concentration is concave 
upwards (Figs. 3, 4 insets), in contrast to the 
turgor pressure curves that are concave down­
wards (Fig. 2). This is due to the rising velocity 
down the channel and is in line with earlier 
suggestions (Spanner and Prehhle, 1962). It is 
a feature not found in earlier mathematical 
formulations (Horwitz, 1958). The changing 
profiles plotted in Fig. 4 show a sequence 
that is parallel to the experimental curves of 
Fig. 5 and to some recent work on trans­
port along the stolon of Saxifraga sarmentosa (Qureshi and Spanner, 1973). In the 
latter work no correction has been made for the slight, though significant, decrease 
in stolon diameter between the parent and the daughter plant. If such a correction 
were introduced, upward concavity in the curves would become more pronounced.
In a tree the water potential would ordinarily decrease acropetally and this 
would affect the water status of the phloem. ISTo provision was made in the present 
model to accommodate this effect, although this might have been achieved by 
partitioning the water bath and adjusting the external osmotic potential in succes­
sive sections. In trees the magnitude of the osmotic potential of the phloem is 
probably several times larger numerically than that of the water potential in the 
xylem. The effect of this factor, and of its gradient, is thus unlikely to change 
drastically the over-all profiles of concentration, velocity and turgor pressure. 
Its effect would seem to be to ‘straighten’ the profiles slightly, since it would oppose 
those processes that produce the characteristic curvatures described. It would also 
reduce the over-all axial turgor pressure gradient in the phloem (with opposed 
xylem and phloem movements) by the amount of the dynamic part of the xylem 
gradient; the gravitational component is cancelled out. This would reduce the 
efficiency of a Miinch mechanism.
A simplification mentioned earlier is the omission of any arrangements for the 
withdrawal (or addition) of sucrose laterally through the membrane. Further, the 
model sets out to represent only the intermediate section of the translocation 
pathway; it neglects the ‘loading’ and ‘unloading’ processes at the ends. It must 
therefore be interpreted within the limits of these terms of reference. Additions to 
take account of the membrane processes at source and sink are obviously desirable.
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Inevitably, the present model invites comparison with the recent one described 
by Eschrich, Evert, and Young (1972). Both introduce a factor commonly ignored 
in physical models used to illustrate the Miinch mechanism, namely the lateral 
intake of water to the conduits. Here, however, the parallel ends. The present model 
presumes a pressure driven flow; that of Eschrich et al. denies it in favour of a 
concept they call ‘volume flow’. It is appropriate to comment briefly on the model 
of Eschrich et al.
The authors maintain that the ‘gradients of hydrostatic pressure arise simply as 
a consequence of viscous flow’. This is to confuse cause and effect. It implies that 
viscous flow can arise in some way other than as a result of a pressure gradient, 
otherwise it could not produce a pressure gradient as a consequence. This is of course 
true; flow can arise for instance by inertial effects. However, when it does so the 
pressure gradient resulting is in the opposing direction. The pressure gradient con­
cerned in the Miinch model is in the promoting direction and therefore claims 
priority as cause and cannot conceivably be regarded as ‘arising as a consequence 
of viscous flow’.
This rather vitiates their argument. The traditional interpretation of Miinch’s 
classic experiment is clearly correct: for if the flow down the connecting tube is 
not due to a pressure gradient, how does the solution there ‘know’ which way to 
move ? Further, it is difficult to see any relation between simultaneous bidirectional 
movement m the sieve tubes and the pattern of their model designed to elucidate it. 
The phenomena are quite different. For these reasons therefore, the conclusion, 
that the authors have put forward a view capable of taking its place as a serious 
hypothesis of phloem action, must be dismissed.
A C K N O W L E D G E M E N T
I am indebted to Professor D. C. Spanner for reading the manuscript and making 
many helpful suggestions.
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Mathematical treatments of translocation flow in sieve tubes.
I. The derivation of three models.
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ABSTRACT
An attempt is made to analyse the flow of a solution along a 
narrow semi-permeable tube of circular section, surrounded by 
water. The comparability of such a system to that proposed 
by several mass-flow theories of phloem transport is discusssed,
\ i A
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INTRODUCTION
Over many years a considerable amount of work has been done 
with the aim of finding a mechanism for the long distance 
transport of organic solutes in the sieve tubes of higher 
plants. Our understanding of this process seems little 
nearer, with conflicting evidence and serious criticisms of 
the current theories (V/eatherley, 1972; Mac Robbie. 1971).
However a feature common to most of these theories is that 
they envisage a bulk flow of the sap in the sieve tube although 
they differ in their suggestions as to hov/ this may be brought 
about.
In this paper three models are derived that describe the 
flow of an aqueous sugar solution along a narrow semi-permeable 
tube immersed in a water bath. The tube is considered 
uniform and its radius sufficiently small for diffusion to 
destroy any significant radial concentration gradients within 
it. The models may be. extended to describe the flow of 'sap* 
over the whole length of the path region of the phloem by 
making an allowance for the resistivity' imposed by the sieve 
plates. This may be done empirically by an appropriate 
adjustment to the ’resistivity* term in the model equations.
This is to treat the sieve tube as a conduit of essentially 
continuous resistivity; however in view of the frequency of 
the sieve plates in the phloem this is a close approximation 
to reality. The models are conceived around the Pressure-Flow 
Hypothesis of Miinch (1930 ),'but they, are probably applicable 
to other ’bulk flow* theories (Spanner, 1938; Fensom, 1972; 
MacRobbie,. 1971). The presence of an axial turgor pressure 
gradient, such as envisaged by Miinch,. implies the progressive 
dilution of the sap due to the lateral influx of water (Lang, 1973).
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Axial concentration gradients in the phloem have been 
demonstrated by several workers and the aim of this paper 
has been the derivation of equations that would permit the 
quantification of the gradients to be expected upon a 
Pressure-Flow premiss.
The paper falls into four sections dealing in turn with 
the consideration, of two special cages, - V  and the 
synthesis from these.of a general case *C* and lastly a 
discussion* of the comparability of the models with the sieve 
tube system.
For simplicity of presentation two other terms have 
been adopted; the first is the term turgor -pressure, defined 
as the difference between the hydrostatic pressure inside 
and outside the tube; the second is suction -potential, a rterm 
that adds clarity to the argument, but whictL has been dropped 
from recent literature in favour of its av/kward negative,., the 
water potential (Spanner, 1973)»
Another term requiring clarification is velocity. This 
has often been used rather loosely in the past in biological 
literature but is used here in its original sense as distance 
per unit time* This definition demands further comment in 
the present, application,* for the radial velocity profile of 
laminar flow in a tube of circular cross-section is 
characteristically parabolic. Thus the magnitude of the 
velocity of that element of liquid flowing along the axis of 
the tube is twice that of the mean velocity calculated from 
the volume flow rate. However in a paper by Sir Geoffrey 
Taylor (1933) an analysis is made of a solution flowing 
through a fine tube,, a situation he indicates is comparable 
to that frequently encountered by physiologists. Under
U S ’
these conditions he shows both analytically and exporimentally 
that "the distribution of concentration produced ..., is 
centred on a point which moves with the mean speed of flow 
and is symmetrical about it in spite of the asymmetry of flow.
The dispersion along the tube is governed by a virtual 
coefficient of diffusivity"» At the steady state which we 
are considering this permits the important simplification 
that the peripheral and the axial velocities may be considered 
the same - i.e. the flow of solution is essentially ^piston-like'.
In the treatment that follows the system is assumed to 
be in a steady state. The characteristics of the tube are 
constant and are as-follov^s: 
r radius
A  cross-sectional area
s perimeter
^ water permeability of the wall.
Other constants are :
m  mass of solute crossing unit area per unit time
R  gas constant
"Y absolute temperature.
The characteristics of the solution vary as a function of 
X .  Where suffixes are used for variables
they denote the values obtaining at the corresponding 
positions ( along the tube. The variables
Used are :
IT osmotic potential '
P turgor pressure
%  suction potential
c molar concentration
V volume flow rate .
velocity 
viscosity.
/ /f
SPECIJii CASE 'A'
Suppose that the turgor pressure P is negligible in
comparison with the osmotic potential IT of the 'sap'
within the tube. This situation may be realised
for larger bore tubes with relatively low membrane permeability
and low rates of flow. The conditions in the model described
in a previous paper approximate to these (Lang, 1973).
In the equation Z  xTT-P (1)
where "X is the suction.potential, we may write for the case 
when P is negligible
2; .17 = RTc (2)
where c is.the concentration.
Fig. 1.
perimeter s
V
cross-sectional 
area A
Ctr concentrations (<=)
velocities (v)
membrane permeability yu.
Consider the volume relations of the element shown, in  Fig. 1 
axial volume entry rate ; -v A
lateral volume entry rate 
axial volume exit rate +
Thus ■y, A + yLk..2.s.ix. = (-y + ci-v/yA 
or rearranging and combining with (2)
A r  = 4 ^  . RTc (3)
cl%. A
But since matter is conserved,
C V  = na =i const'ant (4)
where m  is the mass of solute crossing unit area per unit time,
j ya.s.RT , J21.
Introdueing (4) equation (3) becomes A
or -l/dv = . a:c ' (5)
This can' be integrated at once to give,,
n
where i/o is the value of i/ at oco.
Thus the relation between t/ and oc may be written,
-V. /-v.% = V. j I (7)
and between c and cc ^
. m  m (8)
c =•
A
where ^  _ a.u.&.m.RT
ixo
12/
SPECIAL CASE <B'
In case *A* above we considered the flow rate to be sufficiently 
small for the axial turgor pressure gradient that maintains the 
, flow to be regarded as negligible. This could hold approximately 
for large bore experimental tubes; however it is probably 
inadequate at the scale of the sieve tube with commonly 
accepted flow rates (V/eatherley and Johnson,. 1968).
Case 'B*, at the opposite extreme from ' holds where 
the turgor pressure is equal to the osmotic potential; that is,.
. where the suction potential is zero; consequently we may write 
' from (1) and (2),
P=TT = R.T.c.. (9)
Fig. 2.
concentrations (c.')
pressures (p)
radius r
velocities (xr)
cross-sectional
area A
-------- cc-
' sap ' viscosity
The Reynolds number for tubes of the scale of the sieve 
tube is about 10“^ J this clearly permits the use of the 
Poiseuille equation, which may be written for the velocity in 
a circular tube in the form (see Fig. 2),
(10)
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where P =. J ~  and is the viscosity.
Introducing (9) into (10) we get
■V = -il. R.T.4ii.
and, combining with (4),
This may be integrated to give,
where Co is the value of c at cco.
Thus the relation between c and oc is,
3C. =5 Co ,Z . m .
(11)
(12)
(13)
(14)
and between V  and oc , 
________m
V  =. 1 — - 2-.irv\.n .cc 
Co. p.RT"
=  C.
m
cl
(13)
However the value of will vary with concentration and to 
evaluate these expressions we may have recourse to computer 
methods of iteration. Thus, making the assumption that in 
a short element does not change significantly,, it may be 
evaluated for each successive element from the value obtained 
for the output concentration of the previous element.
It is of lELterest that these relations derived are in
agreement'with a form of the Poiseuille equation, Meyers
. -
formula, for the flow of a perfect gas.
\^ 3>
GENERAL CASE ’C
In cases 'A' and ’B* above, the equation governing the osmotic 
entry of water through the membrane v/as simplified by the 
consideration of first one and then the other extreme case. 
Depending upon the circumstances one or the other of these 
models would describe the flow more closely. Hov/ever the 
actuality will be of an intermediate nature, and the problem 
is to find an equation to describe the flow of solution under 
conditions that lie between those of cases 'A* and 'B*.
.Fig» 3-
turgor pressures (p) 
osmotic potentials(ïï) 
suction potentials^'Z)
radius r
perimeters
olume flow rates(v)
Viscosity 
bility yJ.
area of
cross-section A 
— -------------
ermea
Ax:
Consider the element shown in Fig, 3*
Let the volume flow rate at x<, be Vo > and let the variables 
TT y P , 2! at this point have the values Tft, Po and 'Zo .
A ' 'At a distance further down from (that is at re. , where 
the variable parameters will be II, , P, and ) the
volume flow rate Vo will have increased to V» due to the
lateral influx of water; the increase A V  being given by,
A V  =yi. S. Aoc.'Z, (Id )
where 2  is the mean suction potential of the element.
Equation (1) can be rewritten as,,
2  .!!-■? (17)
where IT and P are mean values.
V/e’nlay replace TT and P by their arithmetic averages where 
Tf- Ji(To+'TT,') , • (18)
and
P . &  (P.+ R.) (19)
•Finally, using (2) and (4) wo have,
■ ■ T T _  (20)
and using the Poiseuille equation we find,.
p. = Po -  (Vo ^ AV) . (21)
» •
Combining (16) with equations (17), (l8), (19),- (20) 
and (21) we arrive at an expression in the form
+ (22)
where kl , K2 and K3 are functions of the known constants 
and variables at cco the start of the element under consideration, 
This quadratic may be solved for AV in the usual way, and hence 
’from the relation Vi =  Vo + A V  ' > Vi the volume flow rate 
at the exit of the element may be found.
Since matter is conserved we are able to write expressions 
■for the velocity v., and the concentration c , and by iterative 
procedures to tabulate a series of values for these (
1/^.....; , Cj .....) at the ends of successive elements
Of length A x  (that is at Xa, .....). The value of
viscosity will of course vary with concentration and thus with 
oc ; for this once again recourse may be made to computer
methods of iteration allowing the frequent revaluation of 
from the value of c  obtaining at the start of each element 
of length Ax. ; this discontinuous approximation may be very 
close to the actuality where the viscosity varies continuously 
with concentration.
/23T
DISCUSSION
The intention in the present analysis has been to consider 
in greater detail an approach made by V/eatherley and Johnson, 
(1968), involving hydrodynamic equations.
It is necessary in any work of this nature to make 
generalisations and simplifications,, however none of those 
, made are peculiar to this paper, and several involve the 
adoption of conditions that exist widely in nature. The 
modelling is restricted to the path region only of some plant 
organ,, such as a petiole or stolon, of simple anatomy with no 
conspicuous nodes; it is assumed to be transporting at a 
steady rate in one direction only. Further the assumption 
is made that the net movement of solute through the membrane 
bounding the sieve tube is negligible; this seems to be an 
approximation to the actual behaviour in many physiological 
situations. The remaining conditions relate to the geometry 
(both microscopic and macroscopic) of the tube through which 
the flow occurs and to the nature of the solution. The 
latter may be considered as a strong sucrose solution,, this 
being a fairly general approximation to the reality. The 
geometry of the conduit is complex. The gross dimensions of 
the tube and plate have been measured, but considerable 
argument.exists as to the fine structure of the materials 
that may'occlude the lumen and the plate pores. Several 
theories suggest a pumping rôle for the sieve element or 
plate and these involve cytoplasmic organisation; however 
it would seem possible to consider the resistance imposed by 
such fine structure as a constant property and to make 
appropriate allowances as indicated above. Further, under 
conditions when the pumping activity is envisaged as augmenting
IZ7
flow, the prime mover of which is an overall axial pressure 
gradient, the pumping activity may probably be allowed for 
as a reduction in the resistivity imposed by the gross and 
fine structure of the conduit. This would bring these 
theories formally into line with the Pressure-Flow Hypothesis. 
However the presence of micro-fibrillar material packed densely 
within the sieve pore,, such as envisaged in the electroosmotic 
theory, would presumably rule out any significant Pressure-Flow, 
this structure becoming so resistive as to require pressure 
gradients of the order of 280 Atmos.m"^ for normal flow rates 
(V/eatherley and Johnson,. 1968; Fensom and Spanner, 1969).
Under theseconditions the contribution of Pressure-Flow 
would be minimal and different models are required.
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ABSTRACT
Three conceptual models of translocation flow in the sieve 
tube, described in a previous paper, are made the basis of 
computer models. The values ascribed to the properties of 
the 'sap' and to the dimensions of the conduit are within 
the range of those accepted for the phloem. The importance 
of several of these factors in determining the characteristics 
of flow are investigated. The possibility of 
negative pressure or tension in the phloem is examined.
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INTRODUCTION
The calculations of Weatherley and Johnson (1963) upon the flow 
of sap in the sieve tube under the influence of an axial 
pressure gradient are of interest in that they show the maximum 
distance over which a Pressure-Flow mechanism may function 
given certain characteristics of the translocation stream and 
the dimensions and geometry of the sieve tube and plate.
However their calculations make no allowance for the lateral 
influx of water from the surrounding tissues that would result 
from the drop in turgor pressure and concomitant increase in 
suction potential along the sieve tube. An earlier paper 
describes an attempt to make such an allowance (Lang, 1973)#
however the methods.employed did not permit quantitative 
predictions. Each of the models discussed in the present 
paper has been designed to âllow for this influx more 
realistically,enabling its importance to be assessed. Of 
value are the profiles of concentration^ turgor pressure and 
velocity which result allowing comparisons to bo made %lth 
data obtained from living plants.
Accordingly the equations (Cases and *C*) of the
three steady state conceptual models derived in the first 
paper (Lang, 1974)' and summarised below, were made the basis 
of three computer models (Models 'A*,*S* and y C ') and these 
were evaluated using constants and variables of magnitudes 
considered typical of.the sieve tube conduits and their sap.
The values chosen are given in the appendix. The models 
describe the flow pf a ^ strong sugar solution dO'wn a small # 
semi-permeable tube of circular section surrounded by water, 
under the influence of an %xial turgor pressure gradient, a
13/
situation considered to approximate to that in the phloem.
Cases 'A* and *B’ are simplifications based upon the respective 
approximations that turgor pressure (Case *A') or that suction 
potential (Case *E*) is negligible. Case 'C* reflects an 
attempt to make no such simplification. These, as they 
appear in final form, are set out below.
Case 'A'
Turgor pressure is. considered negligible i.e. (IT :
V  » v-o / 1 + ^
Case *B'
Suction potential is considered negligible i.e.
Case 'C* :
kl'M\K2W + K3 =.0
Where the symbols have the follov/ing meanings:
TT - ' Osmotic potential
p Turgor pressure
2  Suction potential
V- Axial flow velocity
c< A known constant
Axial coordinate 
nn Mass of solute crossing unit area per unit time
c Molar concentration
A V  Volume flux through the wall of an element of length
The suffix o denotes the value of a variable at the start 
of the tube, that is at =Co . The symbols Ï ,, KL , K2 
and k3 are functions of known constants and variables and 
involve ry , the viscosity. They must therefore be revalued 
frequently in the course of the computation,, because varie; 
with c ; but this is accomplished conveniently by iteration.
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KiïUüDS
The conceptual models described in a previous paper '-.ere in 
the form of equations rendering them easily transcribed into 
FORTRAN IV, the computer language employed. The v^valuation 
was by iterative proceedures to allow for the gradually 
changing viscosity and with periodic output in tabular form 
of the values of the important quantities which enabled 
profiles to be plotted. The computing facilities of the 
Bedford College link with the London University C.D.C. 6600 
computer were used..
RESULTS
The profiles dov/n the axis of velocity, turgor pressure, 
suction potential and osmotic potential (the latter 
proportional to solute concentration) for each model are 
presented in Figs. 1 to 3. The profiles of Figs. 1 and 2
represent the limits for the Model 'C*. Note that the premiss
upon which Model 'A' is Ûased involves a negligible turgor 
pressure v/hich is shown in Fig. 1 along the x axis, similarly 
suction potential in Model 'B* (see Fig. 2). These premises 
inevitably involve, the concurrent osmotic and suction potential 
• profiles of Fig. 1, and those of osmotic potential and turgor 
pressure in Fig. 2. The drastic increase in velocity along 
the tube shown in Fig. 1 for Model *A' is much reduced in
Model 'B', Fig. 2 (these are drawn to the same scale for
comparison). The particular profiles chosen to illustrate 
Model ' C  in Fig. 3 may be seen to represent an intermediate 
state of affairs. The results when no allowance is made for 
lateral intake of water are presented graphically in Fig. 4 so 
that comparisons may be made; these are identical to those 
calculated or implied by V/eatherley and Johnson, 1968. Figs.
1, 2,and 4 serve also to represent the behaviour of Model 'C* 
under the extreme conditions described below. In Fig. 3 are 
summarised the stpady state profiles produced in the 'V/orking 
Model' described in a previous paper (Lang, 1973) (3*3), which 
involved the flow of a sucrose solution along a 7.2m length of 
semi-permeable tube immersed in a water bath; these profiles 
are mimicked by Model * C  in Fig. 6. The results of an attempt 
to reproduce the findings of Hammel (1968) are shov/n in Fig. 7. 
In Fig. 8 is shown the profile of. ^^^Cs distribution down the 
central vascular strand of the petiole of Nymphoides peltata at 
steady state; superimposed upon this for comparison are curves 
produced by model 'C* (for the basis of comparison see 3*3)*
DISCUSSION
The initial evaluation of the three models v/as performed 
under the conditions described in the appendix. The 
Models each indicate that the lateral influx of water results 
in a reduction in the maximum length of 23 m suggested by 
Vi'eatherley and Johnson (1968) over v/hich Pressure-Flow 
may reasonably be expected to take place in the phloem.
Model ' A* Fig. 1 is shown to be based upon an unrealistic 
premiss since it results in considerable flow rates with 
negligible axial pressure gradient; however it illustrates 
well the case at the opposite extreme from Model 'B' (Fig. 2) 
where the premises are probably more reasonable. These two 
represent the limits for Model (Fig. 3) which portrays an 
intermediate state of affairs.
It should be evident that under the conditions adopted 
as being typical of the phloem, the actuality would seem to 
be rather closer to the conditions of Model 'B' than to those 
of Model 'A'; that is,in the sieve tube the suction potential is 
probably small in relation to the osmotic potential. This 
statement may be Justified as follows.
Consider a small identifiable element of solution wi.th 
coordinates :x., t ‘ containing a moles of solute, moving at 
a velocity ^  under the influence of a turgor pressure 
gradient ^  under steady state conditions in a tube such as 
we are considering.' Now the turgor pressure P to which it
is subject, is changing with time at a rate given by,
- '
if. 4P .As . ' (1)
dtfc- «be Jt
Under the appropriate conditions (which we proceed to find) 
the suction potential , where 2 sTT-r will produce
an osmotic influx of water through the walls of the conduit
I3>(p
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Fig. 1. Profiles of osmotic potential,:; suction potential, turgor 
pressure and velocity produced by I'bdel ' A'_.. 7These '%irofiles represent 
also those produced by Model *C* under the extreme conditions described 
in the text. (The velocity is also she -r- t the same scale as in the 
Figs^ 2 to 4 for comparison). ■
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just great enough to ensure that the osmotic potential IT 
changes at the same rate as the turgor pressure P , that is
f r - f
with 4 —  = zero*
cic
We may write for a solution containing n moles of soluto 
in a volume Y  , TT.Y =.n.R.T , Differentiating -this with 
respect to time at constant solute content and temperature 
we get,
Æ  = (3)'
d t Y"" dt
But the rate of change of volume of the solution, at this 
point is due to the lateral influx of water and may therefore 
be written,.
where jji is the water permeability of the tube membrane 
and CL is the surface area of the length of the conduit 
enclosing the solution at^ this point -( CL will be a function
of Y )•
By combining (1),, (2), (3) and (4) we may write,
or where r is the radius of the tube and c the concentration,.
' 2,c^.RT
This equation enables the magnitude of the suction potential 
obtaining in a plant to be calculated from experimental' 
observations of the pressure gradient, velocity and concentration 
of solute at a certain point, and the sieve tube radius and 
permeability. The primary assumption has been that the profile 
of turgor pressure lies parallel to that of osmotic potential; 
( i . e . = z e r o ) ; this seems reasonable. A  further assumption
dr
is that the ambient water potential is zero. For the numerical
values of the parameters adopted in the appendix, equation (6) 
indicates a suction potential of the order of 0.02 Atmosphere.
This is only about 0,13^^ of the osmotic potential and may therefore 
be considered negligible consistently with the primary assumption. 
Thus the Model 'E' seems prima facie to be a reasonable 
approximation to the actual state of affairs in the phloem, 
especially in a small plant where the water surrounding the 
sieve tubes is probably more freely available. Toward the 
distal ond of the tube where the velocity and pressure gradient 
may be larger and the concentration smaller, (Lang, 1973) (3-3)> 
it can be seen both from a comparison of Figs. 2 and 3> and 
from equation (6) that would be larger; here the approximation 
is not quite so good. It is of interest to note that under 
these conditions (i.e. v/here "2 zero), translocation flow 
may be compared to that of a perfect gas (described by Meyer's 
formula with which Model is in agreement). It is worth 
noting also that, as seen below, equation (6) may be used to 
calculate the water permeability of the sieve tube membrane 
from experimentally determined values of the suction potential 
and the other parameters of flow.
Model 'C* has the obvious advantage over Models *A' and ;
•B’ of flexibility; it permits by the appropriate adjustments 
the reproduction 'Of the results of a wide range of flow
situations, found both in models of Pressure-Flov/ and in the
* ■ . 
real phloem. This may be illustrated as follows. By
equating the water permeability of the membrane to zero in
Model * C  the gradients of Weatherley and Johnson, (1968) shown
in Fig*. 4 were produced exactly. The results of Model 'A*
were yielded (Fig. 1) by the drastic reduction of the
’resistance of the tube’ in the equation of Model ’C ’ and so
maintaining the turgor pressure virtually at zero. Next the
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situation in Model 'B' could be mimicked in Model 'C' by the 
adoption of a very large value for the membrane water 
permeability; this resulted in curves identical to those of 
Model 'B’ shown in Fig, 2. Further the steady state profiles 
produced by the 'Working Model' described in a previous paper 
(Lang, 1973) were reproduced by Model ' C  when this v/as scaled 
up accordingly (compare Figs. 5 and 6).
These exercises vindicate Model ' C  from'a logical and 
computational viewpoint but of course say little about its 
validity as a representation of phloem transport Perhaps 
the discussions of Weatherley and Johnson,. (1968) concerning 
their calculations and those in the first paper (3*4), go as 
far as it is possible in the defense of model ' C  from the 
physiological point of view. However the real test lies in 
the ability of Model ' C  to behave in a way comparable to what 
v/e know of the translocatory process and its value in the extent 
to which it provokes nev/ thought,
Hammel (I968), v/orking with oak gives some indication of 
the osmotic potentials and turgor pressures and their gradients 
that might be expected in the phloem of a tree; his findings 
seem to be in general agreement with those for trees found by 
other workers (Kaufmann and Kramer,.196?). However a subtle 
confusion may arise, for his attractive method for the direct 
measurement of ."turgor pressure" in fact measured not the turgor 
pressure in the sense used here (defined as the difference between 
the hydrostatic pressures within the sieve tube and the adjacent 
apoplastj, but the hydrostatic pressure (H) (with respect to 
the atmosphere) within the sieve tube. In fact he did also 
measure the hydrostatic tension (t) in the apoplast outside the 
tube membrane, (his "hydrostatic tension in the xylem", again 
with respect to the atmosphere), .Hov/ever his published figures
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do not permit any precise estimation of the turgor pressurc(P) 
in the phloem (where P= U - v ), and thus by the difference of this 
from his osmotic potential (IT), the true suction potential (%) 
of the phloem, v;here^=TT-P , It was necessary therefore in 
some other way, to obtain from his results the additional 
information ( P and 2  ) required by Model 'C. This problem 
was-overcome by the use of equation (6), for this, as wo have 
already seen, indicates that for values of the parameters 
expected in a tree for the flow of sieve tube sap, the suction 
potential is very small. Thin means that wo m/iy probably 
•take a value for the turgor pressure in Hammmel's tree that 
is not significantly different from the value of his measurement 
for osmotic potential (that Is P=c^TT where 2  is insignificant)* 
This is not unreasonable for his measurements of xylem tension 
are of the right order to make up the discrepancy between those 
of osmotic potential and his "turgor pressure " (IT - H-t-t )♦ In 
this way a most satisfactory 'fit* may be obtained by Model 
*C* (Fig* 7) to mean values of his data. An alternative 
approach is the insertion of the known value TT-W (where this 
must be equal to 2 +  4^ because by definition b ^  ) in
equation (6) in place of 2  • This permits the extraction of
a value for water permeability of 0.0008 jJL.Atmos ^h 
Although a value ^s low as this is indefensible both on the 
grounds of published values for plant membranes and because 
it ignores ^ ^ it too (Fig. 7) leads to a most satisfactory 
'fit* to mean values from Hammel's data. In the tree an 
intermediate situation may well obtain where f* takes a Vfulue 
between and zero, and ^  a corresponding, value
between 12.0 and 0.0008 yjLAtmos"' h * Model ' C  embraces 
both extremes as well as an Intermediate state of affairs*

Fig. 7* The results of an attempt to reproduce the findings of 
Hammel, (I968). The profiles of osmotic potential (IT), "suction 
potential" (^>t ) and "turgor pressure” (K) are predicted by Model ‘C’ 
The points (%) are averages of measurements made by Hammel, the 
broken lines show the'profiles produced by Model 'C.
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From a physiological point of view the first conditions seem 
closest to the reality.
This analysis draws attention to the interesting fact
that the presence of a tension in the xylem (apoplast) would
reduce the hydrostatic pressure in the phloem correspondingly
and that the difference between these (the turgor pressure,
v/hich Is a function of solute concentration ) would remain
fairly constant. This means that the presence of a considerable
tension in the xylem such as has been found in many plants
(Scholander,. Hammel,, Bradstreet and Hemmingsen,.1965) would in
'these plants induce very low or even negative values for the
hydrostatic pressure in the sieve tube, i.e. a Phloem Tension.,
especially in the lower reaches where presumably the solute
concentration is lower. It must be stressed that even under these
conditions the phloem tissue would have a pressure (turgor pressure)
that v/as positive with respect to that in the apoplast by an
amount dictated by the osmotic potential (the equation P=TT-2 must
hold). The possibility of phloem tension would not in itself
make any great difference to the efficiency of a Pressure- Flow
mechanism in the phloem since the xylem tension producing it would
operate throughout the column. ' A small correction mentioned before
(Lang, 1973) (3.3) must however still be made, for xylem tension
would ordinarily increase acropetally to some extent (perhaps by
up to 0.2 Atmos ra"* , Scholander al, 1963). This would reduce
‘the overall axial turgor pressure gradient in the phloem by the
' - 1.dynamic part (say 0.1 Atmos m ) of the xylem gradient; the
' —1 gravitational component (about 0.1 Atmos ra"* ) is cancelled out.
What are the mechanical stresses that would be imposed upon the 
sieve tube walls under conditions of phloem tension? The fluid cell 
contents which, from the point of view of hydrostatic pressure, are 
continuous with the water within the matrix of the cell wall 
(apoplast), would experience
J4-9
no special etrosc since pressure is transmitted freely through 
the liquid phase. They would 'feel' only the normal di f ference 
in pressure due to osmotic activity across the plasmalemma 
(the turgor pressure where P  =. VT + 4^  e-TT— 2  ), Under the 
conditions for example, where the turgor pressure v/as numerically 
equal to the xylem tension these would cancel and the 
hydrostatic pressure in the cell would be atmospheric. The 
plasmalemma must of course be restrained by the semi rigid 
cell wall. In determining the stresses placed upon the cell 
wall by phloem tension it is important to distinguish between 
the pressure in the water within the matrix of the cell wall 
and that in any adjascent air spaces for these may be very 
different. The latter presumably would be atmospheric whilst 
the former, being continuous with the xylem water, may be under 
conditions of considerable tension. It is at the air/water 
interfaces only that, by capillarity, these pressure differences 
would be transmitted to the cell wall material. It may be 
significant that the air spaces in the phloem tissue are 
conspicuously scarce in comparison with those in other tissues.
It is apparent then that the 'crushing' forces would be born 
not by individual cells but by the whole tissue which is 
normally very well supported. , , It must be remembered that 
moderate tensions^would result in a reduction of the forces 
tending to'burst? these tissues, it is only when these tensions 
exceed (numerically) the turgor pressure, that the cells 
would begin to experience *'crushing' forces.
So far as the author is aware there has as yet been no 
direct experimental measurement of phloem tension, in fact, 
both exudation from aphid mouth parts and the work of 
Kaufmann and Kramer^(1967) and of Hammel(I968) seem to 
indicate a positive pressure in the sieve tubes (exudation
ISO
following xylem damage, is not'valid evidence of phloem 
pressure since such an operation would reduce drastically 
the apoplast tension). However it is fairly well established 
that water stress may influence the rate of exudation 
(V/eatherley,, Peel and Hill, 1939; Peel and V/eatherley, 1962;
Hartt,. 1967 and Hall and Milburn, 1973) a phenomenon first 
recorded by Marco Polo in the 13th century (Hodge, I963).
If this rate is a function of the hydrostatic pressure within 
the sieve tube (which presumably it is ), then there is already 
good experimental evidence that the arguments advanced above 
for the close relationsliip between the hydrostatic pressures 
in the xylem and the phloem are valid. It is but a short step 
to suggest that high tensions in the xylem would induce very- 
low pressures in the phloem.
There are probably two main reasons why the latter have 
not as yet been demonstrated in the phloem. Firstly,, a 
tension is very much more difficult to measure than a pressure 
and techniques designed to estimate the latter would not 
necessarily suffice for the former. Secondly, the plant 
material usually chosen for these measurements has been such-as 
would not have any great xylem tension. Of interest would be 
the measurement of osmotic potentials and hydrostatic pressures 
and their gradients in the phloem of Mangroves and other 
halophytes which may at all times maintain a >:ylem tension 
ofjbetween 33 and 60 Atmos (Scholander e^ al, 1963)-
Turning to a smaller plant, Nymnhoides neltata, we may 
see in Fig, 8 the distribution down the central
vascular strand of the petiole at steady state. If this gives 
uSjan indication of the changes in concentration of the translocate 
down the conduit (Lang, 1973) (3-3), then the implied gradient 
would appear to be rather steep. Assuming an osmotic
!6\
Fig. 8. The profile of distribution (broken line) down the
central vascular strand of the petiole of Nyniphoides neltata at 
steady state. The tracer was placed in a reservoir surrounding 
the petiole about 10 cm to the left of zero, just below the lamina. 
The petiole was uniform and of simple anatomy and the illumination 
was constant. The steady state represents the condition obtaining 
at about $0 h following the application of tracer, where the net 
rate of lateral leakage has fallen to zero and the mass transport 
rate as measured by the accumulation of tracer in the rootstock has 
become constant. • The unbroken line represents the curve predicted 
by Model 'C*. Inset are these curves plotted with logarithmic 
ordinates; pote the upward concavity^
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potential 01' 1^ Atmos at 0 cm this v;ould reduce to about 9 Atmos 
at 42 cm, an osmotic gradient ci approximately 19 Atmos 
It is or interest to notice here that Davidson, (1973) working 
with the same plant and isotope but with a very different 
model, not based ppon a Pressure-Flow premiss, finds that to 
match his experimental data he needs to allow for a two-fold 
increase in velocity over a distance of approximately 29 cm.
This in a uniform channel could only be brought about by a 
lateral influx of water and this would result in such an 
osmotic gradient. Upon the premiss of open sieve pores 
such a gradient is too steep to be consistent with Model ’C*. 
However by increasing the conduit resistance term in the 
Model 'C* equations this profile could be reproduced (Fig. 8). 
These osmotic gradients correspond in the Model *C' to a 
turgor pressure gradient of some 20 Atmos m ^ or, following 
the calculations of Fensom and Spanner, (1969), approximately 
0.008 Atmos per sieve plate. This order of resistivity 
would be produced in the sieve tube by the presence of 
micro-fibrillar material within the siove plate pores in an 
even hexagonal disLribution where the separation of fibrils 
is about 729 A. This is within the range indicated by these 
authors as being commensurate with their micrographs of this 
plant. It is of further interest that the velocities of flow 
indicated by Davidson (1973) are approximately half those of 
the Model in Fig. 8; allowing for this reduction would
make possible an even denser plug of micro-fibrillar material
in the sieve plate pores for the same pressure gradient.
While the foregoing does not indicate any function for 
the microfibrillar material, it does indicate that upon a 
Pressure-Flow premiss its presence need not be a problem 
to this particular plant. The difficulty arises only when 
dense microfibrillar material is found in the sieve plate pores 
in trees, under these conditions Pressure-Flow is presumably 
out of the question (V/eatherley, 1972); or when in smaller
O
plants the fibrillar spacing is much less than 729 A such as 
is favoured by Fensom and Spanner (1969)- Their preference 
is for a spacing of pOO A which drastically increases the 
pressure gradient required,, to some 300 Atmos ra~^. This 
would seem to preclude significant Pressure-Flow even in 
Nymnhoides. Following.up this point of view however 
electroosmotic pumps situated at the sieve plates may be 
considered analogous to electrical cells with very large 
internal resistances, arranged in series. Under these 
conditions the characteristics of flow would be determined ' 
by the properties of the pumps rather than by any axial turgor 
pressure gradient. Indeed.one would, expect there to be no 
axial pressure gradient since' this would result in the 
lateral influx of water and thus an increase in flow rate 
requiring the distal pumps to operate more vigorously. A 
more nearly constant pressure system, such as would presumably 
result, would be desirable in"that it-would restrict the bulk 
of translocate in the interests of economy. Eschrich, Evert 
and Young (1972), however make the criticism that the acceptance 
of very low values for the conductivity of sieve tubes would 
constitute a problem for any m a s s •flow mechanism. "Invoking 
an active process requiring the expenditure -of metabolic energy
I6 ^
does not really solve this problem since the greater the •
resistance to viscous flow, the greater must be the 
expenditure of metabolic energy to maintain appropriate 
flow rates".
A final point of interest is that the semi-logarithmic 
plot of the profiles (Fig, 8) of the tracer distribution in 
the plant and the osmotic potential in Model ‘C ’ are 
concave upwards, Tliis is a character commonly shown by 
plants of the tracer distribution and is discussed by Horv/itz, 
(I99S) and by Spanner and Prebble, (1962). According however 
to Model 'C ' its significance is obscure. For at steady 
state it is produced as a complex function of pressure gradient, 
velocity of flow and the water permeability of the sieve tube 
membrane. Under the non steady state conditions (analysed 
by these authors) the form of tracer distribution is further 
complicated,, being a function also of time and the lateral 
diffusion properties of the tracer to the ground tissue.
Under these conditions the significance of the shape of this 
nlot fades into obscurity 1.
/3_6 CükCLüSIOM
The foregoing phloem models set out to describe the flow of 
an osmotic solution along a semi-permeable tube and their 
results .nay probably be applied to :any of the mass flow 
theories; they are not restricted to that of Miinch. however 
they may represent a fairly precise qualitative and quantitative 
test of Pressure-rTow. Some points that emmerge from the 
discussions are:
- sap flow may be considered analogous to that of a gas,
- tension in the phloem (and other living cells) is 
possible under certain conditions
- p-protein plugs in the sieve plate pores of Pymnhoides
. 0 61tata are consistent with ultra-microscopical observation 
and do not exclude Pressure-TTow
- the significance of the shape of the semi-logarith.mic 
plot of tracer activity along a translocating organ such
: as a stolon or a petiole, is obscure
- a coneentration gradient implies an almost identical
. turgor pressure gradient and these are somewhat inimical 
to the metabolic pumping theories.
V
- Very recently Young, Evert and Eschrich (Planta 113,. 355- 
66 (1973)) have presented a further discussion of their "'^olume- 
Plow Mechanism’. IIov-ever they still do not appear to say
just what it is that impels the sieve tube sap. They envisage 
"that solution flow would occur.....in the absence of a pressure 
•gradient." This concept seems alien to the laws of physics 
in a comparatively simple system such as theirs.
/f7
PART 4 GENERAL DISCUSSION AND CONCLUSION
4.1 INTRODUCTION
The prece|dlng parts of this thesis have each been fully 
discussed, it remains only to summarise their findings. 
However before this is done it seems worthwhile to add 
several short sections. Some of these qualify certain of 
the forgoing parts, others are obvious extensions of the 
work upon which a start has been made but which at present 
are incomplete and their conclusions of a tentative nature
4.2 AM EXTENSION OF MODEL ' C
This section forges a link between PART 2 rmd PART 3 of the
forgoing. Following the reasonably /’;ood reproduction of
1 ^ 7
the steady state profile of Cs distribution in the 
petiole of Nymphoides peltate by Model ' C  (Fig. 8 of 3.5), 
an attempt was made to study the effect of temperature 
changes imposed upon the'raid region' of the Model 'C ' 
system in a manner comparable to the experimental treatments 
of section 2.2. This attempt met with only qualified 
success; the conclusion being that the temperature effect 
is a complex function of its effect upon viscosity, membrane 
water permeability and osmotic potential, where the first of 
these effects is dominant, V/hile this does lend support to 
such a conclusion from 2.2,'it is felt that this work needs 
to be repeated before any firmer results are presented.
The difficulty is simple but fundamental, Model 'C' is 
essentially a steady state 'model, whereas the experiments 
upon the plant are based upon the effects of sudden change 
in temperature and thus refer to non steady state conditions; 
troatmontc to the Mùdel 'C' can yield only the steady state 
results.
It is hoped to extend Model 'C' so that it can handle 
the non steady state but attempts to do so have so far been 
unsuccessful. Thi$ problem can probably be overcome but 
has proved conceptually illusive!
/5V
If.3 THK ROLK OR TIIK SIKVii;-PLATE
"All the while, like warp and woof, .mecliahism 'and teleology 
are interwoven together, and we must not cleave, to the one 
nor ‘despise the other; for their, union is rooted in the 
very nature of totality" 'D’,‘Arcy Thompson, (1917). ■
The sieve plate does not seem to be.an evolutionary relic of 
early times. In some form or another something similar is 
to be found in almost all those tissues concerned with 
assimilate transport throughout the plant kingdom from the 
algae upward. A well accepted view expressed by Esau is 
"that the evolutionary specialisation of the sieve element 
led to a shortening of the cell, a decrease in the inclination 
of the end wall, an increase in the size of pores on the end 
walls". All the indications are that the sieve plate is 
present to perform some very important function; strangely 
it is unclear just what this function is. Upon a Pressure- 
Flow premiss its presence is largely an embarrassment ; it is 
contended that it functions as part of an emergency 
mechanism to staunch the flow of valuable assimilate upon 
injury. V/hile this may well be correct and could account 
for a few sieve plates (say every 9 mm) In the leaves of 
grasses prone to being grazed, it hardly justifies the 
presence of at least 20 to 60. plates per cm throughout the 
phloem especially of larger plants (whose likelihood of 
injury is far less) in view of the considerable restrictions 
the .sieve plate places upon assimilate flow. This is not 
to imply that such a function is ruled out as a secondary 
one. It must not be forgotten that in some plants at least 
in spite of the sieve plate they may 'bleed* profusely if
lio
cut.
On the other hand scrr.e of, the metabolic pump theories 
look upon the sieve plate as a suitable means of locating the 
pump components. This hov/ever is no beg the question of 
function for perhaps the strongest point of their argument 
for a metabolic pump at all is the suggestion that the large 
hydraulic resistance imposed by this structure rules out a 
Munch mechanism and demands therefore a metabolic auxiliary, 
in other words, but for the presence of the sieve plate and 
associated structures the Munch Pressure-Flow Hypothesis has 
few serious problems and is commended by- its elegant simplicity 
'la,Mature agit toujours par les; moyens' les plus .simples'
- Janet, 1376. j '...
The view presented here for a possible role for the 
sieve plate applies equaling to any of the mass flow theories, 
-Pressure-Flow or metabolic pumping. ■ This view is that the 
sieve plate is present to support the non-flowing cytoplasmic 
components of the sieve tube■against the viscous drag of the 
moving sap. It is considered that the plasmalemma in 
particular is prone to stress in this way. Consider the 
element shown below, where flow is from left to right,
cell wall 
cell membrane 
radius (r)
pressure
(L)
»
Let P© —‘Pi be the drop in pressure of the sap over the length 
L of the sieve tube. This drop in pressure is opposed by 
the resistive properties of the flow of a viscous solution.
/6 /
t h e  opposing force being trans r.itted to the solid structurée, 
t h e  cell walls, of the tube. Since the plasmalemma entirely 
surrounds the protoplast this force must be transmitted 
through it. However due to the visco-elastic nature of 
this membrane these probably could not be maintained by 
forces of sheer in the membrane (viscous properties) but 
must.be taken up by tension (elastic properties) which will 
be a maximum at the left hand end of the tube, - The force 
(f ) due to pressure drop at this point on such an assumption 
is,
■f, (p.-pjirr^ (1)
and the opposing force due to membrane tension (T) Is
f s ZTtr-T * (2)
Vihile these balance we may write,
(?o-?,)lrr^=.2irr.T 
or . '
T* O)
which is the tension in the membrane at the origin and which 
reduces to zero as the distil end is approached.
The mechanical properties of cell meabraneg are little 
known, however from the work of Earvey, (1931% 193% 1934); 
Gole, (1932); Curtis, (1967) and Hand and Burton, (1964), it 
would seea that a tension of 1 dyne is a stress
that thi s ,membrane sight support# This would permit a 
ca%lzaua pressure drop between points of aeabrane attachaient 
to the cell wall of 1#6 10^ dynes for a tube of radius
iZyu.* Assuming a pressure gradient of 0,23 it 
calculated by I'eatherley and Johnson, (1965) for the sieve 
tube l.u;«itna for moderate rates of flow, this would put an 
upper 11 .mit to the corrospond 1 ng length I , where
i* - '^*‘4 % W  - # 4"^
IbZ
On these figures a maximum spacing of points of attachment 
is 4.1 rnm, however after allowing for a safety factor of 
say 2 and making allowance also for greater rates of flow, 
with coneommitant increases in pressure gradient these 
points of attachment would probably be every 1 mm. This 
still assumes what may be rather a high value for the mechanical 
strength of these membranes. In this v/ay the frequency may 
well be forced upto values commensurate with the observed 
frequencies of the sieve plate, 20 to 60 per cm. The 
question of course remains, how effective would the sieve 
plate be in restraining the plasmalemma? It is rather 
difficult to know how to approach this problem; it is 
possible that a mere rim, as in xylem, would be adequate, on 
the other hand it may not. It is probable however that the 
sieve plate would serve quite well as a resti-alnt system. 
Consider for example what.would happen if the membrane were 
to flow slowly through the plate. iMovement through 
the sieve tube lumina would be straightforward, however as 
the membrane moved onto the upper surface of the plate the 
lines of flow would converge towards the pores, pass through 
and then diverge again as the membrane material spread out 
on the other (lower) surface of the plate. The converging 
and diverging flow would presumably impose a restraint upon 
membrane movement and would be greatly exaggerated by a 
structure such as the sieve plate in comparison with a simple 
rim. The presence of irregularities on the cell wall' surface 
with corresponding intrusions of the plasmalemma could 
further serve this function.
, The foregoing does not indicate one or other of the 
mechanisms for driving mass flow since most if not all these 
involve some degree of pressure flow, thus the e l e ctroosmotic
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t h e o r y  r e l i e s  u p o n  a  p r e s s u r e  g r a d i e n t  t o  i m p e l  s a p  t h r o u g h  
t h e  l u m i n a .  I t  m a y  b e  t h a t  t h e  p r e s e n c e  o f  t h e  s i e v e  p l a t e  
w i l l  u l t i m a t e l y  b e  s h o w n  t o  p r e c l u d e  P r e s s u r e - J - ’l o w  a s  a  s o l e  
m e c h a n i s m  f o r  p h l o e m  t r a n s p o r t  a n d  t h e  s i e v e  p l a t e  a s s u m e s  a  
t r i p l e  r O l e  a s  a n  a n c h o r  f o r  t h e  p l a s m a l e m m a ,  a  s u p p o r t  f o r  
t h e  c o m p o n e n t s  o f  a  m e t a b o l i c  p u m p  a n d  a s  a  means of s t o p p i n g  
' b l e e d i n g * .  U n t i l  t h i s  t i m e  h o w e v e r  t h e  s u g g e s t e d  r o l e  o f  
a n c h o r  d o e s  g e t  a r o u n d  t h e  a p p a r e n t  a n o m a l y  o f  t h e  s i e v e  
p l a t e  a s  f a r  a s  t h e  s u p p o r t e r s  o f  P r e s s u r e - F l o w  a r e  c o n c e r n e d .
■ F u r t h e r  r e s e a r c h  i s  p r o m p t e d  b o t h  t o  d e t e r m i n e  t h e  
m e c h a n i c a l  p r o p e r t i e s  o f  t h e  p l a s m a l e m m a  a n d  t o  m a k e  a n  
a n a l y s i s  o f  t h e  o b s e r v e d  d i m e n s i o n s  o f  t h e  s i e v e  e l e m e n t s  
o f  m a n y  p l a n t s  i n  t e r m s  o f  t h e  e x p e c t e d  p r e s s u r e  g r a d i e n t s  
a l o n g  t h e m .  I f  a  c o r r e l a t i o n  b e t w e e n  t h e  e x p e c t e d  s t r e s s  
o n  t h e  m e m b r a n e  a n d  t h e  f r e q u e n c y  o f  p l a t e s  i s  f o u n d  t h i s  
m a y  w e l l  l e n d  s u p p o r t  t o  t h i s  r o l e  f o r  t h e  s i e v e  p l a t e .
I n d e e d  t h e  e v o l u t i o n a r y  t r e n d  s e e m s  t o  b e  t o w a r d  a  g r e a t e r  
p l a t e  f r e q u e n c y .
Ihlj-
4.4 K0T2S ON TilN FLOW OF SAP IN SIEVE TUNES
O n  t h e  s u b j e c t  o f  P r e s s u r e - F l o w  t h e  i d e a  a a s  b e e n  a d v a n c e d  
t h a t  t h e  s o r t  o f  c a l c u l a t i o n s  p e r f o r m e d  i n  3 « 4  i n v o l v i n g  
t h e  P o i s e u i l l e  e q u a t i o n ,  a l t h o u g h  j u s t i f i e d  .by P a p p e n h e i m e r , 
( 1 9 3 3 ) a r d  u s e d  b y  m a n y  o t h e r  ^ w o r k e r s , . m a y  l e a d  t o  a n  
e r r o n e o u s  a p p r a i s a l  o f  the M u n c h  . H y p o t h e s i s , H o v / e v e r  m o s t  
o f  t h e  s u g g e s t e d  m o d i f i c a t i o n s  t o  t h i s  a p p r o a c h  i n v o l v e  
c h a r a c t e r i s t i c s  of t h e  sieve'element a s  a  h y d r a u l i c  c o n d u i t  
o r  o f  t h e  s a p  a s  a  f l u i d  w h i c h  a r e  u n c e r t a i n 'a n d , a t  p r e s e n t  
a t  l e a s t ,  u n t e s t a b l e , ■ . T h u s  t h e  p o s s i b i l i t y  m u s t  r e m a i n  o f  
s o m e  p r o p e r t y  o f  w a t e r ,  p e r h a p s  w i t h  t h e  p a r t i c u l a r  b l e n d  
o f  s o l u t e s  f o u n d  i n  s i e v e  t u b e  s a p , w h i c h  r e n d e r s  t h e  f l o w  
n o n - N e w t o n i a n .  I t  m a y  a l s o  b e  t h a t  t h e  p r e c i s e  shape o f  
t h e  s o l i d  p o r t i o n s  o f  t h e  s i e v e  p l a t e  a n d  t h e  a s s o c i a t e d  
m a t e r i a l s  w i l l  p e r m i t  o t h e r  formulations t h a n  P o i s e u i l l e ' s  
t o  d e t e r m i n e  t h e i r  h y d r a u l i c  r e s i s t a n c e .
What evidence is there in support of these contentions? 
Giaquinta and Geiger,(1973) used a falling sphere microviscometer 
(presum^ably glass) to determine the viscosity of sieve tube 
t;ap. Their results indicate that the value, of viscosity is 
tliat oxpuc toJ on the basis of the sucrose component of their 
sap. Unfortunately their attractive method does not answer 
these questions unambiguously. For the small dimensions 
of the sieve tube would presumably exaggerate boundary . 
effects, rendering, the treatment of the sap as a continuum 
less valid an approximation. Moreover under these conditions 
the material of the boundary to flow would no doubt have an 
influence (exactly what in practise' constitutes this bo.undary 
in the sieve tube is uncertain but it is certainly not glass!). 
Further the 'sap* which they collect by the method of Milburn,
(1970) is not unequivocally identifiable with the flowing 
contents of the normal sieve tube. The phenomenon of drag 
reduction in fluids undergoing turbulent flow by the addition 
of polymer solutions and solid suspensions is well documented; 
however it is unlikely that these effects could be active under 
conditions of laminar flow where analogous phenomena have not 
so far been demonstrated (the effect of polymers is probably 
to repress the turbulent flow and to convert it. into laminar 
flow; if this is so they would be expected to have no effect 
where flow was already laminar). The flow of various 
liquids in fine quartz capillaries has been described by 
Churayev, Sobolev and Zorin (1970) however it is only for 
radii approaching O.O^yx (some 3OO times smaller than the 
sieve tube) that the viscosity of water becomes significantly 
different from the bulk value and and then it apparently 
increases.
The formulations advanced by Crafts and Crisp (1971, 
their page 4OO) one of their own and one of Happel and 
Brenner (1965), to evaluate the resistance of the sieve 
plate to fluid flow relate to the precise shape and dimensions 
of the siebe plate 'pores. These considerations from an 
ahatomical point of view are very much in the melting pot 
and it remains to be seen v/hether these equations are relevant 
at all. .Their adoption only improves the situation as far 
as Pressure-Flow is_ concerned by a factor of less than two 
for the whole sieve tube, which is hardly enough to influence 
our view of the feasability of Munch's Hypothesis at all.
Much more significant are the formulations of Spanner, (1969) 
and Matthew (1968), relating to the resistance imposed by the 
p-protein often found to occlude the pores. While these 
anatomical details are not settled, their calculations at
least shO’iV that such structures mi^ht have a hirhly significant 
effect upon pressure-flov; in the sieve tubes. It is quite 
possible that we must combine the work of Spanner with that 
of Churayev et al and predict enormous resistivities for the 
sieve pores.
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4.5 GENERAL CONCLUSION . . .
This thesis presents researchiboth- of ; an;experimental, and of 
a theoretical nature, the plaifiosh: ■ iht'orpretation of which is 
procably to be found'in the hanch Pres.sui'e-Mov; Hypothesis 
where the path region assumes pa’passive r‘$le ■ in the' translocation 
of assimilates. I f  is perhaps;true.however’that for each of 
the arguments and findings advanced^ there are counter 
arguments and contrary findings in the literature. • Neverthele.cs 
it is hoped that some useful, contribution has-been made to the 
study of the phloem and that certain of the more tentative or 
provocative statements made here will inspire further research. .
Some of the less conclusive experiments presented here■should 
be repeated (e.g. in 2.2) and elsewhere there are obvious 
extensions, such as the measurement of callose thickness in 
material treated for a longer period at 3 (2.4). Other studies
which should follow are the experimental investigation of the 
possibility of phloem tension. In connection with the role 
of the sieve plate (4.3) it came as a surprise that for 
information upon the mechanical properties of lipo-protein 
membranes it was necessary to draw largely upon work carried - 
out in the early 1930's - recent advances in microtechnique do 
not seem to have inspired much further research on these lines 
in spite of criticism of the original work (Curtis, 1967).
The.extension of the computer Model 'C' to embrace non steady 
state conditions has already been mentioned. This last 
possibility seems to present promise for the future, for 
computer modelling in the biological sciences although in its 
infancy gives every indication of becoming a most valuable ' ' ^
tool in research. ■-
PART 5 APPENDIX
5.1 TABLE OF SYMBOLS AND EXPLANATION OF COMPUTER
PROGRAMMES
The table of symbols used in the discussion and evaluation 
of Models 'A*, 'B' and 'O’ in 3*-4 and 3*3 and in the 
programmes presented in 5-2, 5-3 and 5.4"
In so far as was possible these were consistent throughout; 
the convention being adopted that where upper and lower cases 
are used of the same letter, the lower case is represented 
in the computer programmes by the upper case followed by 
L (e.g.VsV ;1/iVL). Greek letters are spelled in these 
programmes as are one or tv;o others to avoid confusion.
The suffix o is represented by 0 (e.g.I/© sVLO , the velocity 
atXo). The radius suffixed R  is the empirical value 
used in evaluating the ’resistance* term in the Models 'E* . 
and *C’; that with the-suffixV is the true radius used in 
the calculation of volume etc.
Table of symbols
Quantity Symbol Computer equivalent
radius r RADIUSR, PADIUSV
area of cross-section A A
perimeter 6 S
element length (increment of%) Ax. X
surface area of element s.Ax, SAREA
sum of lengths of elements DIST
membrane v/ater permeability MEW
axial solute flux m M
. gas constant R R
absolute temperature T T
ratio of S to diameter tr PIL
osmotic potential IT PI
turgor pressure P P
suction potential a SIGMA
solute concentration
moles cm“^ (total solute) c - C
moles of sucrose per litre ^ CONCL
volume flow rate
axial V V
lateral AV DV
velocity of flow V VL
viscosity \ ETA
simplifying constants ALPHA
II II. p BETA
II II Kl, K2, K3
empirical constants used —  ; CHIl, CHI2, CHI3, CHI4
to evaluate ETA from CONCL
The programmes which follow in sections 5»2, 5*3 and 5*4 
are written in FORTRAN IV* Each iterates around the 
address '100' which indicates the start of the central 
computation. The variable 'ZZ'. controls the frequency 
of printed output.
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APPENDIX
The values of the constants and variables used in the evaluation 
of Models ‘A*, '3' and ‘C '.
Temperature: This was 2 0 ‘'C in all cases
The Conduit: The tube was of radius 12yu , interrupted by
transverse sieve plates spaced at a frequency of 60 per cm.
The plates were 5yAthick and perforated by pores of radius 
2.5yUk which occupied '^ 0% of the plate area; these are the 
dimensions adopted, by V/.eatherlèy 'and Johnson (1968). In 
making an allowance for the extra resistivity imposed by the 
sieve plate. Crafts and Crisp, (1971) have suggested two 
formulations in addition to that employed by Weatherley and 
Johnson, one of their own and one of Happel and Brenner, (1965). 
However it is not clear whether these two are really applicable 
to ; the sieve plate since the effective geometry of the 
functioning plate is still, a-matter of debate ; the extent of 
callose deposition and the possibility.of microfibrillar 
material within the sieve plate pores is not decided.
Accordingly in this analysis both have been abandoned in 
favour of the less optimistic treatment of Weatherley and 
Johnson involving the Poiseuille equation. V/here allowance 
must be made for the presence of microfibrillar material 
within the sieve plate pore, the equation derived by Fensom 
and Spanner (1969) is employed ; it is in close agreement with 
another mentioned by Weatherley and-Johnson, (1968). The 
hydraulic resistivities so calculated, are allowed, for in the 
model equations by the substitution o.f' empirical values for 
the sieve tube radius where .it.appears-to the fourth power 
in the Poiseuille equation!''y'.'-Ih-'all' other situations the
y7/
radius of l ^ i s  employed. ' -
The water permeability (yi) of the sieve tube membrane 
was t alien as 12 Atmos"^h""^ the "value Used, .by,, Weatherley, Peel 
and Hill, (1959), which is in-fairlyVclose■agreement with 
other published values. - 3..': - •
The Translocate: The velocity ox flow ( v  ) at'input was
100 cm h (Weatherley and Johnson,. 1968). When the velocity 
is calculated from the volume flow rate it represents the mean 
velocity. In larger bore tubes this would be equal to 
approximately half the maximum velocity, that is, - the velocity 
of .that element of liquid flowing along the axis of the tube. 
However in tubes of the dimensions considered here, the 
parabolic flow profiles characteristic of laminar flow are 
broken down by diffusion. This simplifies our treatment 
considerably since the mean velocity may be considered equal 
to ;the actual velocity of flow at any point on the radius of 
the tube (Taylor, 1955).
The concentration at input was considered to be made up 
of two components; that of sucrose 0.292 M, from which 
viscosity was calculated and,that of total solute 0.625 Osmolar, 
from which osmotic potential was calculated, as the stream 
was diluted the proportions of these always bore a constant 
relation to each other (Weatherley et al,1959; V/eatherley 
and Johnson, 1968; Hall and Baker, 1972).
The sap viscocity in the plant is largely determined by 
thq sugar component (Giaquinta and Geiger, 1975) a^ id in the 
Models 'A', 'B' and *C* was accordingly specified with reference 
to the sugar concentration at each point.
/ The osmotic potential (IT ) was calculated from the
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o.'vnoJ.ariby of total aoluto obtaining at each point.
The turgor pressure (p) was zero in Model 'A' and in 
Model ’B ’ it was equal to the osmotic potential. In Model 
'C ' its initial value was equal to the osmotic potential 
(Fig. 3) but thereafter was generated by the model equations.
The suction potential (Sj ) was equal to the osmotic 
potential in Model 'A', it was zero in Model '3'. In 
Model ‘O' the suction potential was equal to the difference 
between the osmotic.potential and the turgor pressure at 
each point.
When Model ' C  was being adjusted to reproduce 
experimental data, some of these values were modified.
Where this is done mention is made of it in the text.
/73
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17/10/72 UNIVERSiy OF MINNESOTA 6000 FORTRAN COMPILER SCOPE 3.2.M  
MMF 31R—0 » B—G0>
PROGRAM MODEL AA (INPUT, OUTPUT)
REAL MEW.M 
RADIUSV=0.D012 
PIL=3.1415927
MEW= (12. / ( 1013250. :k3500 . .-Kl 0000. ) )
R=8.3144=1:10. « 7  
T=293.
VL0=100./3600.
CQ=0.000625 
A=PIL:i:RADIUSV:i::f:2 
5=2.:i:PIL=i:RADIUSV 
M=VLO=iCO 
X=0.
AL PHA=2. :i-'MEW=i:s=i:r:i.T:i:M/A 
PRINT 1
VL=50RT ( (VL0=':=i:2) +ALPHA=i:X)
C=M/VL 
PI=C=i.-R:iT
PRINT 2,X,VL,C,PI 
X=X+10.
IF(X.GE.3000.) GO TO 99 
GO TO 100
FORMAT (//:K DISTANCE VELOCITY
FORMAT (4E 14.5)
STOP END
PSR9 21/09/73 17.57.23.
0001008 1=1:
0041418 2=1:
0041418 3=1:
0041438 4=1:
0041458 5=':
0041468 6=1:
0041508 7=1:
0041518 8=i;
0041538 9=1:
0041548 10=1:
0041578 11=1:
0041608 12=1:
0041618 13=1:
0041628 14=1:
0041708 15=1:
0041758 16=': 100
0042028 17=1:
0042038 18=1:
0042058 19=1:
0042168 20=1:
0042176 21=1:
0042218 22=1:
0042218 23=1: 1
0042218 24=1: 2
0042228 25=1: 99
CONCENTRATION OSM PRES=K)
5-5
17/10/72 UNIVERSITY OF MINNESOTA 6000 FORTRAN COt-PILER SCOPE 3.2.14 PS
I7SF (E=3.R=0.B=GO)
0001008 1=K PROGRAM MODEL 88 (INPUT.OUTPUT)
0041418 2=1: REAL M
0041418 3=1: 22=10.
0041428 4=1: RADIUSV=0.0012
0041446 5=1: RADIUSR=0.0009744
0041458 6=1: 8ETA= (RADIUSR*:*:4) / (8. :WADIU5V=i:l:2)
0041518 7=K PIL=3.1415927
0041528 8=<: R=8.3144=i:i0.=i-'*r7
0041548 9=1: T=293.
0041558 10=K VL0=100./3600.
0041578 11=K C0=O.000625
0041608 12=K M=CO*:VLQ
0041618 13=K X=l.
0041638 14* DIST=0.
0041648 15=K CHI1=0.96659
0041658 16=K CHI2=1.71483
0041668 17=K CHI3=-3.09838
0041708 18=K CHI4=4.77162
0041718 19*: VL=VLO
0041728 20=K C=CO
0041748 21*: PRINT 1
0042018 22*: GO TO 101
0042018 23*: 102 PI=C*«*rr
0042046 24*: PRINT 2,DIST,VL,CfETA.PI
0042158 25*: 22=0.
0042158 26*: 100 C=SQRT ( (C0*=i3) - (2. =IETA=IT1=KX/ (BETA=kr:kT) ) )
0042308 27*: VL=MÆ
0042318 28*: CO=C
0042328 29*: DIST=DXST+X
0042348 30*: 101 C0NCL=C*:iOOO./2.14
0042378 31*: ETA=CH 11 4CH I2=KC0NCL +CH I3*C0NCL *:*:2+CH I4*C0NCL =K*:3
0042448 32=K ETA=ETA/100.
0042458 33*: 22=22+1.
0042478 34*: IF(22.GE.10.) GO TO 102
0042518 35*: IF(D1ST.GE.3500.) GO TO 99
0042548 36*: GO TO 100
0042548 37*: 1 FORMAT (//*: DISTANCE VELOCITY CONCEI 
1 OSM PRESS*0
0042548 38*: 2 FORMAT (5E14.5)
0042548 39=K 99 STOP i END
25/09/73 18.44.47.
M/f.
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17/10/72 UNIVERSITY OF MINNESOTA 6000 FORTRAN COMPILER SCOPE 3.2.14 
MNF CE=3.R=0iB=GQ)
18/10 /73 2 0.4 6.1 4.
0001008 1* PROGRAM MODEL C (INPUT,OUTPUT)
0041418 2* REAL M,NEW,K1,K2,K3
0041418 3=1: R=8.3144*10. :l::i:7
0041468 4* RADIU5R=.0009744
0041508 5=1: RADIUSV=0.0012
0041518 6=1: PIL=3.1415927
0041538 7:1: 0=0.000625
0041548 8=1: VL=100./360D.
0041568 g:i: V=VL :i:p IL : i: R A D  IUS V:i::i:2
0041618 10* M=C:w
0041528 11* T=293.
0041638 12* p=C:i:R:i:T
0041658 13* X=0.1
0041668 14:1: MEW= (12./(1013250. :i:3600.:k10000.) ) :i:2.6:i:* ( (T-293.) /( 10.) )
0041758 15* SAREA=X:i:2. :i:PIL:i:RADIUSV
0042008 16* DIST=X
0042018 17* ZZ=9.9
0042038 18* 111 IF(T.E0.273.) GO TO 103
0042058 19* IF(T.EQ.283.) GO TO 104
0042078 20* IF(T.EQ.293.) GO TO 105
0042108 21* IF(T.EQ.303.) GO TO 106
0042128 22:1: CHI1=0.59744
0042138 23:1: CHI2=1.73456
0042148 24* CH13=-3.50274
0042168 25* CHI4=3.44934
0042178 26* GO TO 107
0042218 27* 106 CHI1=0.72780
0042218 28:1: CHI2=1.91112
0042238 29:1: CHI3=-3.75659
0042248 30:1: CH14=4.14743
0042268 31* GO TO 107
0042278 32* 105 CHI1=0.96659
0042308 33* CHI2=1.71483
0042328 34* CHI3=-3.09838
0042338 35* CH14=4.77162
0042358 36* GO TO 107
0042368 37* 104 CHI1=1.37525
0042378 38* CHI2=0.62954
0042418 39:1: CH13=0.25618
0042428 40* CH14=4.49386
0042448 41* GO TO 107
0042458 42* 103 CHI1=1.76594
0042468 43:1: CH12=3.57963
0042508 44* CHI3=-6.40526
0042518 45:1: CHI4=ID.95457
0042538 46* 107 CONTINUE
0042548 47:1: CONCL=C:i:i 000./2.14
0042568 48:1: ETA=CH 11 +CHI2:iC0NCL +CH I3:i:CQNCL :i::':2. +CH I4:l:C0NCL *:i:3.0042638 ETA=ETA/100.
0042648 50* PRINT 1
00427IB 
00430IB 
004306B 
0043136 
00432IB 
004326B 
00433IB 
0043346 
0043426 
004347B 
00435IB 
0043558
0043608
0043628
0043638
0043658
0043668
0043778
0044108
0044128
0044128
0044148
0044148
0044238
0044268
0044308
0044328
0044348
0044358
0044528
51* 100 
52*
53*
54:1:
55*
56*
57*
58*
59*
60*
61*
62*
C
C
63*
64=K
65*
56*
67*
58*
69*
70*
71*
72* 102 
73* 101 
74*
75*
76*
77*
78*
79* 108 
80*
THETA1= (2. •'TCW:t-’SAREA:'.v:<W«:i.T*PIL-‘»«ADIUSR*:K4) 
THETA2= (MEW=i%AREA:lMi:R*T*P IL *«AD IUSR*=i:4) 
THETA3= (NEWKSAREA* (V**3) *8. *X*ETA>
THETA4= (MEW:i%AREA* (V*::2) *12. *X*ETA)
THETA5= (NEW:i%AREA:iA/*4. :KX*ETA)
THETA6= ( CVXi;2) *2.*PIL*RADIUSR**4>
THETA7= vV*2. *PIL*RADIUSR*"-i:4)
THETA8= (NEWKSAREA*(V=i::K2) *P*2.*PIL*RADIUSR**4>
THETA9= (NEUP6AREA*va?>*2. *PIL:«ADIUSR:>=k4)
K1=THETA5-THETA7
X2=THETA2+THETA4-THETA9-THETA5
K3=THETA1+THETA3-THETA8
0. = (K3) + <K2:iOV) + (K1 =tOV*;i:2)
SOLVING BY THE USE OF THE USUAL FORMULA 
F=10.*"i:19.
Kl=Kl=ir
K2=K2=iT'
K3=K3:ir
DVA= (-K2+SQRT <K2:'n(2-4. xq<l:KK3))/(2.:i3(l)
DVB= (-K2-SQRT (K2*X2-4. :IX 1 =10(3) > / (2. *X 1 >
IF(DVA.LT.O.) GO TO 102
DV=DVA
GO TO 101
DV=DVB
CHECK= (K3) +(K2:i®V) +(K1*Dv:k:i;2>
PI=M:i«:irr/v 
SIGMA=PI-P 
ZZ=ZZ+.1
IF (ZZ.GE.IO.) GO TO 108 
GO TO 109
PRINT 2.DIST.P.V.C.VL.ETA.DV,SIGMA,PI 
ZZ=0.
0044528
0044548
0044568
0044708
0044718
0044728
0044758
0044778
0045058
0045068
0045068
0045068
0045078
C MODIFICATION OF INPUT VARIABLES FOR NEXT ITERATION
81* 109 DIST=DIST+X
82* IF(D1ST.GE.10000.) GO TO 99
83* P=P- ( (V+ (0. 5=10V) ) :i: ( (8. *x:iCTA) / (PIL*'RADIUSR**4) ) )
84* V=V+OV
85* C=M/V
86* VL = V/ (P IL *'RAO lUS V**2)
87* CONCL=C*1000./2.14
88* ETA=CH 11+CH I2*CQNCL +CH I3:i:C0NCL:i::i:2+CH I4:':C0NCL :i:*3
89* ETA=ETA/100.
90* GO TO 100
91* 1 FORMAT(////* DISTANCE TURGOR PRESS VOLUME FLOW CQNCENTR
lATION VELOCITY VISCOSITY VOLUME ENTER SUCT PRESS OSM
1PRESSURE:iO 
92* 2 FORMAT (9E14.5)
93* 99 STOP END
U S '
NBï'HÜD Or MVALUA'CINO VIOOOOITY PROM ^UCkOHK 
COI.OMNTiU'i'ION
Viscosity is largely a funetion of the sucrose component of 
the total solute concentration (Giaquinta and Geiger, 1973). 
Accordingly a third order polynomial was fitted by a least 
squares method (using BliDOpIv University of California © 1968) 
to values of viscosity for different sugar concentrations 
talien from published tables. From the coefficients yielded 
it was possible to generate in the .Model programmes the 
intermediate values for viscosity from the sugar component 
of the total solute concentration obtaining at any point on • 
the axis. (The tables..related concentration of sugar in 
moles per litre to viscosity, in centipoise; this necessitated 
appropriate conversions'in -the programmes).
/7^
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